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Yield-stress fluids are materials that transition from solid-like to fluid-like at a critical applied 
stress and are currently the most utilized rheological phenomenon. Yield-stress fluids have found 
use in drug delivery, food products, batteries, surface coatings, 3D printing materials, and many 
other applications. This rheological phenomenon can be achieved by a diverse range of 
microstructures including polymeric gels, colloidal glasses, and more. Rationally designing such 
rheologically complex materials requires the determination of the relationships between 
processing, structure, properties (rheology), and ultimately performance. This research is 
composed of distinct but interconnected experimental studies of these design relationships for 
yield-stress fluids. This work presents a paradigm for the design of rheologically-complex 
materials focused on the rheology-to-structure inverse problem for model yield-stress fluids which 
forms the basis for the subsequent studies that focus on a particular secondary property 
(extensibility), particular applications (direct-write 3D printing and performance magic), and 
appropriate processing to obtain a yield-stress fluid material. I generate a design space for material 
selection and design of extensible yield-stress fluids and introduce model materials with this 
important behavior. One model material is the subject of a case study on direct-write 3D printing; 
an emulsion with high extensibility is used to establish key property targets for direct-writable 
materials. Another study discusses the role of a yield stress and high extensibility in a resin used 
in performance magic, “Mystic Smoke”. The final study focuses on the connection between 
processing and rheology for a particular material, aqueous methylcellulose, and investigates the 
effects of dynamic conditions on the linear and nonlinear mechanical properties of gelling 
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Chapter 1: Introduction* 
 
Rheologically-complex fluids have the potential to meet numerous and diverse design 
objectives[1]. Inspiration can be found in biological systems with complex fluids [2] and soft solids 
[3,4], and many engineered systems use rheologically-complex behavior as a design strategy [5,6]. 
Currently the most utilized rheological phenomenon is the dramatically shear-thinning “yield-
stress fluid,” the reversible transition from solid-like to liquid-like behavior at a critical applied 
stress. Above the yield stress, these materials flow readily, facilitating deposition or distribution; 
below the yield stress, shapes or suspended components are held in place. An example of this type 
of fluid is shown in Figure 1.1; a green acrylic paint with a yield stress of approximately 10 Pa 
was squeezed between two plates that were then separated, producing a viscous fingering 
instability [7,8] that holds its final shape. 
 






The importance of yield-stress fluids in daily life and industry cannot be overstated as the 
concept applies to products as pedestrian as paint and toothpaste but also to applications as esoteric 
as crude oil gelation and rocket fuel [9–11]. Consider a few other examples. A yield stress was a 
sufficient property to enable a new production technique for tailorable ceramic beads [12]. In the 
food industry, the yield stress is of great importance for processing, manufacturing, and functional 
properties, as well as for correlation with sensory indices [13]. In 3D printing applications, yield-
stress materials have been taken advantage of for inks that hold their extruded shape, for cellular 
composites [14]; and for a medium in which to print large complicated structures with microscopic 
precision [15]. Electrically or magnetically responsive yield-stress fluids can be used as active 
mechanical elements that respond to their environment [16,17]. An optimal yield stress value in 
flow batteries balances an increased electrical conductivity through plug flow with the cost of 
increased mechanical pumping [18]. For biomedical applications, an emerging paradigm of 
moldable hydrogels is based on yield-stress fluids capable of drug delivery [19].  
Though it has been debated whether a “true” yield stress exists [10,20], yield-stress fluids are 
accepted as a practical reality, with definitions hinging on the critical value of stress that results in 
flow. Example definitions include: “[a yield-stress fluid] does not flow if the imposed stress is 
below a threshold value, but it can flow rather easily after this value is exceeded [9]”, and, “[a 
yield-stress fluid combines] solid-like behavior at low stresses with a fluid-like response at high 
stress [21].” The controversy over a “true” yield stress comes from observations of extremely slow 
flow below any critical stress value [10], however on the timescales of many applications this 
deformation is not significant. Additionally, several reviews focus on the numerous ways a yield 





tests to name a few examples [11,13,22]. Any yield stress value obtained is representative of a 
(typically narrow) range of stresses to induce a particular type of flow or irreversible deformation.  
The objective of this work is to establish the design relationships between performance, 
rheological properties, material structure/formulation, and processing for key yield-stress fluids, 
and to provide methodologies that can be applied to a wide variety of other rheologically-complex 
materials; these design relationships are shown schematically in Figure 1.2.  
 
 
Figure 1.2. Design is the inverse of analysis and starts with a desired performance and results in what material 
best achieves that performance. Determining the relationships between performance, properties, and structure is 
key for effective design. Not depicted is the material processing, which often strongly impacts the resulting 
structure. 
 
This work begins by adapting engineering design theories to yield-stress fluids, organizing and 
guiding subsequent research across material classes of soft matter based on desired rheological 
properties. This thesis develops a design framework by first by considering well-studied 
archetypal yield-stress fluids, i.e. materials one may regard as “classic” yield-stress fluids within 
rheological literature (Chapter 2). With this framework in place, and in collaboration with Wm. 





secondary property of yield-stress fluids, extensibility (i.e. strain to rupture in extension). The 
results illustrate a huge gulf in the extensional properties of the model archetypal materials and 
some yield-stress fluids used in application, motivating the development of a model highly-
extensible yield-stress fluid (Chapter 3). Motivated in-part by a personal hobby, I perform an in-
depth study of a material used in performance magic, Mystic Smoke (Chapter 4). I show how the 
performance of this material seems to rely on its rheological properties of being both a yield-stress 
fluid and highly extensible. A second model highly-extensible yield-stress fluid was developed to 
investigate the role of extensibility in direct-write 3D printing performance in collaboration with 
Dr. Brittany Rauzan, Dr. Sean Lehman, and Professor Ralph Nuzzo in the Department of 
Chemistry. With this model fluid, particle-free emulsions are introduced as a novel class of 
materials for direct-write 3D printing, and by varying the composition of the emulsion system, the 
relationships between microstructure, critical rheological properties, and printing performance are 
developed (Chapter 5). This thesis concludes by investigating the effect of shear flow on the 
gelation and properties of aqueous methylcellulose (MC), a thermally gelling material that 
conventionally would not be classified as a yield-stress fluid since it fractures rather than flows. 
However, under appropriate processing conditions (e.g. strong shear while heating), completely 
different properties result, and a soft granular yield-stress fluid is obtainable. In collaboration with 
The Dow Chemical Company, a protocol for gelation under constant unidirectional shear stress is 
developed and significant softening and weakening of a low molecular weight MC aqueous 
dispersion is observed (Chapter 6). 
 
 
* Preliminary work on this topic appeared in the author’s master’s thesis and this chapter appeared in the following 
peer-reviewed publications (re-used with permission): 
A.Z. Nelson, R.H. Ewoldt, Design of yield-stress fluids: a rheology-to-structure inverse problem, Soft Matter. 13 




Chapter 2: Design of yield-stress fluids* 
 
2.1 Introduction 
In the field of rheology, most works in the public domain focus on the analysis of materials 
rather than researching and developing more useful design practices and methodologies; these 
complementary approaches are depicted in Figure 1.2. By analysis, this work means that, starting 
with known ingredients or a known microstructure, a material is characterized, and these properties 
are related to the macroscopic performance. Of course, carrying out the analysis perspective is 
non-trivial for rheologically-complex materials; the characterization of properties can be 
especially arduous due to their function-valued nature, and so several complicated structural and 
observational dependencies are used to describe a single material. To design a material is the 
inverse of this analysis process and fundamentally is about making decisions [23]; starting with 
the desired macroscopic performance, decisions must be made on what properties might achieve 
that objective, and in turn what ingredients or microstructure might result in those properties. 
We emphasize that designing does not only mean formulating or building entirely new 
materials. It also includes determining a set of target specifications (qualitative or quantitative), as 
well as generating a set of concepts that may satisfy these specifications by surveying and 
organizing existing materials as well as ideating new material concepts. After generation of 
concepts, selection of existing materials and of candidate new material concepts to prototype and 
formulate is carried out. Additional downstream processes then take place. This work contributes 
to the necessary upstream steps of the design process, providing methodologies for establishing 
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target specifications, generating concepts of yield-stress fluids, and comparing and selecting based 
on rheological properties. This work does not provide tools for the equally important—but often 
over-prioritized—downstream steps of the design process such as material formulation, material 
optimization, and production ramp-up. Predictive tools and models for these downstream steps 
are, of course, immensely difficult to develop for real materials and likely need to be developed 
on an individual basis. Specific aspects outside the scope of this work are down-selection based 
on non-rheological criteria, formulation guidelines or optimization of a specific material 
microstructure, and application-specific performance objectives; our focus is broader and 
contributes to earlier stages of the design process [24]. 
Our goal here is to adapt engineering design theories to rheologically-complex materials, 
specifically yield stress fluids, thus organizing research efforts across material classes of soft 
matter by using functional requirements based on desired rheological properties. As specific 
contributions, this work examines: (i) organization of structure-to-property design strategies based 
on jammed versus networked microstructures, (ii) collected scaling laws for predictive property 
design, (iii) low-dimensional descriptions of function-valued flow properties, (iv) property 
visualization (Ashby-style charts) that consider secondary properties including viscous behavior, 
and (v) a strategy for material concept synthesis (ideation) based on the juxtaposition of 
microstructure design strategies to generate new ideas. By successfully applying design techniques 
to yield-stress fluids, this work will demonstrate design paradigms that can more generically be 
used with other rheologically-complex properties. 
To study and develop design methodologies for rheologically-complex materials, this work 
characterizes well-studied archetypal yield-stress fluids, i.e. materials one may regard as “classic” 
yield-stress fluids within rheological literature. These yield-stress fluids were chosen to survey a 
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wide variety of chemistries, as well as different microstructures which can be categorized by the 
mechanism by which the yield stress comes about (discussed in detail in Section 2.4.1.). 
Characterized materials are Carbopol 940 (jammed microgel), silicone oil-water and mineral oil-
in-water emulsions, Bentonite and Laponite RD (colloidal clays), and xanthan gum (polymer gel). 
Sample formulation, preparation steps, and characterization details are given in Section 2.3. 
Experimental results at multiple gaps are given in Appendix A. For this chapter, parallel disk 
steady flow is used for characterization, with corrected shear-stress values as a function of shear 
rate. By this method, I obtain the dynamic yield stress and the shear rate dependent flow behavior 
which is likely to be one of the most important secondary properties of interest. Equally important 
properties outside the scope of this work include critical yield strain and pre-yield modulus 
(oscillatory measurement), and static yield stress (creep, increasing shear rate flow tests) [20]. 
Although the chemistry and microstructure vary, these archetypal materials have overlapping 
ranges of dynamic yield stress as weight percentage of additive is varied. Clearly there are 
numerous ways to achieve the same yield stress with these materials, and therefore designing such 
materials is an inverse problem. 
 
2.2 Background 
2.2.1 Design Process Theory 
In this section, I will briefly describe how I will map concepts from engineering design onto 
yield-stress fluids. This work makes contributions to the concept development phase of design. 
While the downstream optimization and detail design phases are necessary, they are premature 
without first considering multiple concepts. 
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To set the stage for concept development, the functional requirements and target specifications 
of a material must first be described. Since functional requirements cannot specify a particular 
solution without imposing creativity-stifling restrictions [24–26], for the design of a yield-stress 
fluid, a poor functional requirement might be, “a polymeric network that flows under stress and 
reversibly solidifies at low stress” (particular material structure specified). 
 Using a suitable functional requirement, a set of numerous possible concepts are obtained 
through surveying existing materials and through various brainstorming and ideation strategies. 
Methodologies for these processes build on approaches from lateral thinking [27] including 
generating potentially unfeasible concepts, and delaying concept evaluation to a later stage of the 
design. In this work, multiple material structure concepts are considered as ways to achieve a 
particular rheological behavior, that of a yield-stress fluid. Numerous techniques exist for 
systematic concept generation; in this work I use “categorization of concepts” (Section 2.3.1) and 
“juxtaposition” (Section 2.3.5), the latter involves combining two concepts to produce something 
new [27]. Following their generation, concepts would be evaluated for further development. For 
the design of complex fluids, concept evaluation often involves material formulation and 
rheological analysis. 
 
2.2.2 Materials Design Approaches 
The design process of concept generation (surveying and ideation) maps to material selection 
and material synthesis. For a new product or application, a material can either be selected from 
existing concepts or newly synthesized.  
For materials that are not rheologically-complex, theories and methodologies of material 
selection have been well developed; the most influential methods are described by Ashby [28]. A 
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flowchart depicting Ashby’s selection process is shown in Figure 2.1 with an example material-
property co-plot. For this process, a far-reaching and robustly organized database of material 
properties is the required starting point; relevant constraints and rankings of suitability are then 
applied. This process has found great success for simple materials whose properties are scalar 
parameters (e.g. density, modulus), in contrast to the function-valued properties (material 
functions) that describe rheological behavior.  
 
Figure 2.1. Flowchart representation of material selection method (adapted from [28]).  Starting from a 
database of all surveyed materials, design constraints and further research enable one to down-select to a final 
material choice. A common tool used in the down-selection process is the “Ashby diagram” (pictured from 
[28]), which is a material-property co-plot used to compare and show trends of multiple material properties 
across different material types. Rheological properties are challenging to visualize in this way when they are 
functions, rather than constants. 
 
For rheologically-complex materials, material selection databases and design textbooks are 
completely absent (in the public domain), with the next best things being rheological modifier 
handbooks [29,30] and material class specific texts [31]. While useful, the available handbooks 
lack much of the needed information for effective, creative, rational design. The greatest 
inadequacy of such handbooks is the general failure to express or acknowledge the function-valued 
nature of properties. As an example, though the ubiquity of yield-stress fluids has already been 
stated, available handbooks, Braun [29] and Ash [30], only mention the phenomenon once out of 
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all the numerous rheological modifiers they list, with Braun [29] providing only viscosity values 
at a single reference shear rate for  particular weight percentages of additive (for a nonlinear 
viscoelastic material).  
The lack of a database of rheological data sets in the public domain has been identified 
previously, along with the necessity for a standard that these data sets conform to for facilitating 
comparison [32]. There are several unique difficulties that must be addressed in establishing a 
more effective organization and design database for yield-stress fluids: i) function-valued 
properties (e.g. no single value of viscosity exists), ii) some rheological phenomena are not 
achieved by all materials, iii) the conceptual model of a yield-stress fluid still being somewhat 
controversial. These issues are generally not present in solid materials which all have a basic set 
of simply-defined material properties such as density and Young’s modulus.  
There is an increasing interest in using inverse design methods to create materials that achieve 
functional requirements [33–39] including a focus on properties which may be achieved by 
numerous formulations [40]. Principles of material selection were applied by Ewoldt [1,41] in 
designing a material for use in robotic adhesive locomotion; a minimum yield-stress was the 
primary design objective and a low post-yield viscosity at a reference shear rate was the secondary 
objective. This previous work is built upon with the specific contributions mentioned in Section I. 
By applying inverse design methods to rheologically-complex material properties this work hopes 
to enable more creativity for these materials, broadening the concept generation space before 
fixating on any particular structure. In this work, the fundamental strategies and methodologies 
known to exist for designing a yield-stress fluid are explicitly stated, thereby forming an ontology 
and the basis for a database for the engineering of rheologically-complex materials [42]. This work 




2.3 Materials and Methods 
Table 2.1 describes the specific material compositions presented in this paper; sample 
preparation steps are as follows. This section also details the experimental setup and model fitting 
protocol. 
Aqueous suspensions of polymer microgel particles were prepared from Carbopol 940 
obtained from Acros Organics. Powdered material was mixed with steam distilled water for thirty 
minutes before being neutralized to a pH of 7 using a sodium hydroxide solution, resulting in the 
swollen microgel particles that are jammed at sufficiently high concentrations [43].  
Silicone oil-in-water emulsions were formulated with 1000 cSt (at 25 °C) silicone oil obtained 
from Sigma-Aldrich and deionized water; sodium dodecyl sulfate (SDS) from Fisher Scientific 
was used as the emulsifier. The mixture was homogenized at 5000 rpm for 10 minutes using an 
IKA T-18 homogenizer with an S18N-19G dispersing element attachment. Mineral oil-in-water 
emulsions were synthesized by the same procedure using light mineral oil from Sigma Aldrich 
which has a viscosity between 14.2 and 17.0 cSt at 40 °C.  
Bentonite from Sigma Aldrich was dispersed in steam distilled water using an overhead stirrer 
at approximately 300 rpm until mixed, at which point the clay particles form a percolated gel 
network [20]. The Laponite RD suspension, which also has particles that can attractively interact, 
was synthesized by the same procedure as the Bentonite suspensions with powder obtained from 
Conservation Support Systems. Bentonite and Laponite suspensions were allowed to stand 
quiescently for one week before testing to hydrate [44].  
Xanthan gum from Xanthomonas Campestris, a polymer which is known to form structure in 
solution through self-associative intermolecular attractions [45], was obtained from Sigma-
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Aldrich. Solutions were formulated by slowly adding xanthan gum powder to deionized water 
being mixed with an overhead stirrer at between 300 and 600 rpm. Solutions were mixed for 5 
minutes before being covered with tin foil and placed on a hotplate at 80 °C to mix at 400 rpm for 
an additional 30 minutes. 
Table 2.1. Material formulations organized by material and 
weight-percentage of additive. In all cases, remaining wt% 
is of water 
   
Material  wt% Solid Content   
Carbopol 0.1, 0.15, 0.2, 0.25, 0.5   
Bentonite 7, 8, 9, 10, 11, 12   
Laponite 3, 4, 5   
Xanthan Gum 2, 4, 5   
















Rheological characterization of steady flow properties was performed on rotational rheometers 
(combined motor/transducer instruments, TA Instruments DHR-3 or AR-G2) using a parallel-plate 
geometry with a diameter of 40 millimeters. Depending on the sample, either a sandblasted plate 
or adhesive-backed silicon carbide sandpaper (600 grit or 60 grit) was used to prevent slip. 
Materials were tested at multiple gaps to verify the absence of slip [46]. Parallel-plate corrections 
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were used to identify the true shear stress. Apparent stress, A , was fit to a polynomial curve and 















,     (2.1) 
where True  is the apparent applied shear rate at the rim [47]. Unless otherwise specified, all steady 
flow tests are performed from high-to-low shear rates, thus the yield stress is a dynamic yield stress 
rather than a static yield stress [20]. All materials except Bentonite and Laponite (see above), were 
tested within one week of formulation. Full steady shear flow curves are shown in Appendix A. 
Shear flow measurements were fit to parameterized equations (Bingham and Herschel-
Bulkley, details in Section 2.4.3). For some materials, especially at smaller gaps, an increasing 
stress was observed as the shear rate was lowered, creating a non-monotonic flow curve [48]. In 
the case of these materials, the fitting was only done with the higher shear rate data lying between 
the highest and lowest values of corrected stress. When fitting the Bingham model, the yield-stress 
parameter was constrained to the lowest corrected stress value. All fitting was performed using 














 . (2.2) 
 
2.4 Design Methods for Yield-Stress Fluids 
2.4.1 Rheology-to-Structure Inverse Problem & Organization 
There have been past attempts at categorizing yield-stress fluids based on the presence of a 
material restructuring time [20], the microscopic mechanism by which the yield stress emerges for 
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certain particulate systems [9], and the concepts of glasses and gels [49], however none are from 
the perspective of design. To facilitate design, the typical perspective of structure-to-rheology must 
be flipped to a property-based rather than microstructure-based organization. This represents an 
ontology, or taxonomy, to organize design solutions for yield-stress fluids.  
The first step to ideate the many possible ways to achieve a yield-stress fluid is to describe the 
desired functionality, or functional requirements [25,50,51]. As described in Section 2.2.1, it is 
non-trivial to balance overly-narrow and overly-broad functional requirement descriptions to avoid 
unnecessarily limiting the possible design options. A good functional requirement contains only 
what is general and essential [50] 
Existing functional requirement descriptions are available as definitions of a yield-stress fluid 
(quoted earlier in Chapter 1). These definitions are well-crafted in that they are completely 
formulation- and structure-agnostic, not presupposing anything about the material and only 
describing behavior. However, I feel they can be too broad for design ideation, since there is no 
concept of reversibility or mechanical connectivity, concepts which may help focus creative 
ideation of new microstructure designs and avoid implausible solutions. For example, the 
phenomenological definition “[a material] that shows little or no deformation up to a certain level 
of stress [and] above this yield stress the material flows readily [47]” lacks concepts of mechanical 
connectivity and reversibility. A formulation chemist might think to use entangled polymer 
solutions, but topological entanglements in solution do not bear static loads for long times, thus 
polymer solutions generally will not produce a yield stress fluid. Given a too-broad definition, one 
may also be limited to relying on only pre-existing lists of materials which, as discussed in Section 
2.2.2, are themselves sorely lacking.  
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We propose the following more precise functional requirement that includes the structural 
concept of mechanical connectivity, which is fundamental to yield-stress fluids: 
A yield-stress fluid is able to bear a static load for long timescales (suitably high 
viscosity at low stress) with mechanical connectivity that yields, flows (measured 
by a dramatic drop in viscosity above a characteristic yield stress), and is 
recoverable.  
While somewhat long-winded to address the debated low-stress behavior, this newly proposed 
functional requirement provides physical insight into how one might achieve a yield-stress fluid 
in a precise way that is both formulation- and structure-agnostic, so as to not overly constrain the 
concept generation process. Rather than attempting to invent a way for viscosity to transition 
across multiple orders of magnitude, a designer can instead use intuition and experience about 
methods of bearing static loads that are able to reform after mechanical disruption. Additionally, 
after significant disruption by shear flow, some materials may show an increasing viscosity over 
time at low stresses [48,52], leading eventually to a stoppage of flow. To an observer it would be 
unclear if these materials are yield-stress fluids before the flow stoppage event. However, it is this 
signature of flow stopping for some finite applied stress (i.e. bearing a static load) that indicates 
that though the behavior of these materials is not that of an ideal yield-stress fluid, they are still 
yield-stress fluids. The buildup or recovery of this capacity to bear a static load is necessary for a 
material to be considered a yield-stress fluid. To be clear, by “recovery”, I am not referring to 
elastic strain recovery, but instead the ability to yield, flow, and recover a yield stress again, even 
if not the same yield stress as before. 
For existing yield-stress fluids, there are two known mechanical interactions by which our 
proposed functional requirement is satisfied: (i) jammed, repulsive interactions; and (ii) 
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networked, attractive interactions. Of course, these may co-exist in complex systems. These 
concepts of arrested structures have been well developed as “glasses” and “gels” respectively 
[53,54], and have been used to organize certain yield-stress fluids in the context of particle 
sedimentation [49]. Here this work uses this organization to provide insight into designing yield-
stress fluids and to compare properties and behavioral trends across different microstructures.  
 
Figure 2.2. Organization of design strategies aids in concept generation, for both existing and new 
materials. For yield-stress fluid design, two generic strategies can be grouped as ‘repulsion-dominated’ 
and ‘attraction-dominated’ (although combinations also exist, e.g. attractive glasses). Examples shown 
are (A) particulate suspensions [55], (B) emulsions [56], (C) foams [57], (D) particulate gels [58], (E) 
electro/magneto-rheological fluids [59], and (F) fiber gels [60]. 
 
Figure 2.2 organizes yield-stress fluids based on the two mechanisms (or design strategies) of 
jammed versus networked microstructures. This work uses the term “repulsion-dominated” for 
materials where a static load is borne primarily by the microstructural elements jamming, pushing 
against nearest neighbors, with macroscopic yielding once the internal structure is able to rearrange 
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and slide past itself to flow. Examples within this repulsion-dominated design strategy include 
suspensions of polymer microgel particles (e.g. suspensions of crosslinked polyacrylic acid 
(Carbomer) [43] or Poly(N-isopropylacrylamide) (PNIPAm) [61]),  oil-in-water emulsions [62–
67], and foams [57,62,67,68], which are each pictured in Figure 2.2. Additional examples include 
spherical and star-like micelle solutions [69,70], suspensions of hard particles (colloidal [71–73] 
or non-Brownian, athermal, granular matter [74,75]), and suspensions of charged-particles, which 
are effectively jammed through electrostatic rather than steric repulsion [76]. Though the 
chemistry varies widely within and across these material classes, yield-stress fluid behavior is 
caused by the same fundamental mechanism of effectively crowded microstructural elements 
interacting repulsively. As seen in the images in Figure 2.2, morphologically these material classes 
are very similar. From these examples, one may ideate other possible materials that use this same 
mechanism. The characterized materials in this work that will be considered as “repulsion-
dominated” are Carbopol 940 suspensions of swollen microgel particles that are jammed at 
sufficiently high concentrations [43], and silicone oil-in-water and mineral oil-in-water emulsions. 
This work calls the second design strategy in our taxonomy “attraction-dominated”, meaning 
materials where a static load is borne primarily by attractive mechanical connectivity (i.e. pulling 
on nearest neighbors). Attraction-dominated microstructures resist being pulled apart, eventually 
yielding once these re-formable attractions have been broken. Examples within this group include 
particulate gels (e.g. colloidal clays Bentonite [20,77–79] and Laponite [80–82]), magneto- and 
electro-rheological fluids [16,17,59,83–85], and fibrillar or polymer solutions that have physical 
crosslinks that can re-form after rupture (in contrast to covalent or non-recoverable crosslinks) 
[45,49,60,86–89]. Morphologically, material microstructures within this group typically are a 
sparse percolated network spanning the sample that must be destroyed for yielded flow to occur. 
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The characterized materials in this work that will be considered as “attraction-dominated” are 
suspensions of Bentonite and Laponite colloidal clay particles that can attractively interact [20], 
and xanthan gum which forms structure through self-associative intermolecular attractions [45]. 
For both of these design strategies, the “-dominated” qualifier has been used to acknowledge 
that combinations of both mechanisms are possible, such as attractive glasses [53]. Note that both 
the repulsion-dominated and attraction-dominated categories are capable of including materials 
that may have very similar ingredients. For instance, colloidal suspensions can exist as either 
glasses or gels [81,90] and thus this structural organization transcends the traditional academic 
organization by ingredient such as by “particle” versus “polymer”.  
For material selection, the creation of any material property database is hindered by the fact 
that not all materials will have all properties. Rather than needing to laboriously characterize the 
hundreds of entries in a rheological modifiers handbook, one can instead consider if the modifier 
might possibly satisfy the functional requirement and only characterize those expected to have a 
yield stress. While mistakes will most certainly be made in this process, e.g. materials anticipated 
to have a yield stress will show no such signature or materials that do have a yield stress may be 
overlooked, it will be far less onerous and implausible than characterizing every possible 
formulation of every ingredient hoping to see a particular signature. 
With our proposed functional requirement and the resulting classification tree, the material 
design methodologies of both selection and synthesis are greatly facilitated. Selection strategies 
benefit by being able to effectively generate lists of existing (but perhaps not relevantly analyzed) 
candidate materials to choose from, as well as insights into the comparative relations between 
material classes. With an adequate functional requirement, creative synthesis based on physical 
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insight can occur, with the classification tree allowing for ideation through structured concept 
generation. 
 
2.4.2 Yield Stress Scaling Behavior 
When evaluating and comparing concepts, an important aspect to consider is the degree of 
available predictive analysis. For example, deterministic models greatly facilitate phases of the 
design process involving prototyping and testing [51]. Models allowing for predictive analysis for 
yield-stress fluids are reviewed in this section, but the further downstream phases of the design 
process are not. The full scientific understanding of all material structures currently known to 
produce a yield-stress is underdeveloped due to the complexity of calculating macroscopic 
properties from the underlying microstructure and molecular features. In contrast to complex 
fluids, developed areas of mechanical design have very clear mathematical models to represent 
system behavior (e.g. stress fields in solid bodies, linkage dynamics, etc.). 
A unique aspect of material synthesis for rheological properties is that governing equations are 
not always known. In the specific case of yield-stress fluids, if any predictive equations are 
available, they are often scaling laws that relate the yield stress to underlying structure. Available 
scaling laws for yield-stress fluids are collected in Table 2.2. While the large variety of model 
structures of the collected scaling relationships makes it clear that any sort of universal scaling law 
for a wide range of materials is still a monumental undertaking, general guidelines are still 
available by using these relationships. Between two otherwise comparable concepts, one would 
prefer a concept with a readily available predictive scaling law. Thus, this table is useful for the 






Table 2.2. Structure-rheology scaling relationships and equations for yield-stress fluid material 
classes. These relationships are useful for concept evaluation and synthesis as they allow one to 
predict the resulting yield-stress to varying degrees. See Table 2 for the definitions of all 
variables. 
   
Material Class Scaling Relationship (Eqn. #) Notes 
Hard Spheres [91] 112Y Crit Crit             (2.3) Crit   
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Intermediate field strength 
Fully-saturated yield strength 
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Table 2.3. Variable definitions for yield stress scaling relationships. Note: F 
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While not the focus of this work, these scaling laws are eminently useful further downstream in 
the design process when attempting to determine final formulations in the system-level and detail 
design phases. Additionally, all of the listed scaling laws are for the single parameter of the yield 
stress; predictive structure-rheology equations for entire flow curves are even more difficult to 
formulate, though in a few cases they do exist [66]. 
 
 
Figure 2.3. Shear Yield Stress versus wt% additive. Percentage of additive, and constraints thereof, is often 
crucial for achieving design targets. Each data point represents a steady shear flow curve. See Appendix A for full 
steady shear flow data at multiple gaps used for this plot. 
 
Most of the presented structure-rheology scaling relationships involve the volume fraction of 
some dispersed phase of the material, however oftentimes in formulation it is much easier to 
control the weight-percentage of an additive rather than its volume. Carbopol 940 has specific 
scaling equations obtained by correlation with many different experimental studies to relate the 
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These correlation formulae agree reasonably well with our experimental results for Carbopol, 
seen in Figure 2.3 alongside the other tested material systems. The weight-percentage of additive 
is often of great importance when designing a completely new material or modifying an existing 
material to give it a yield stress.  
To the authors’ knowledge, the considered material systems besides Carbopol do not have 
yield stress data organized in the open literature in such a way as to form concentration scaling 
relationships, except that some type of power law dependence occurs close to a jamming transition. 
The yield stress of Xanthan gum solutions scales approximately linearly with concentration, while 
the yield stresses of the two-other attraction-dominated systems, Bentonite and Laponite, have 
power law slopes of approximately three and nine respectively. The yield stresses of jammed 
emulsions have the strongest dependence on weight-percentage, with power law slopes of between 
twelve and fifteen.  
Typically, a low percentage of additive is desirable, since it will be less costly and less likely 
to modify other properties, such as the flavor and texture of food products. Based on the 
classification tree of yield-stress fluids one can see that the networked, attractive systems achieve 
yield stresses at moderate values of weight-percentage, while both jammed, repulsive emulsions 
require a significant percentage of added-oil for comparable yield stress values. The swollen nature 
of the Carbopol microgels are what result in such a low weight-percentage of additive giving rise 
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to a jammed yield-stress fluid; this is the reason that Carbopol is considered a “high-efficiency” 
rheological modifier [29]. Obviously, there are endless parameters and material properties that 
might be crucial for one’s application such as transparency and other optical properties, 
conductivity, biocompatibility, and biodegradability. In the next section, this work will consider 
rheological properties beyond the yield stress by introducing representations of the steady flow 
behavior to enable the application of material selection principles to function-valued properties. 
 
2.4.3 Low-Dimensional Descriptions for Selection of Yield-Stress Fluids 
Since a particular value of yield stress can be achieved by multiple materials, applying 
additional design constraints on secondary parameters or properties is a critical step in converging 
on a final design choice in a rational, non-arbitrary way. However, due to the function-valued 
nature of rheologically-complex material properties, low-dimensional representations are 
necessary for their easy comparison. Appendix A shows the full flow curves of all materials 
measured here and demonstrates how infeasible the rational selection of one particular material 
would be without using a low-dimensional representation. Of course, information is always lost 
when representing complicated data in a low-dimensional way. Here this work will consider 
different models which communicate information to varying degrees of completeness and discuss 
the situations in which the loss of information can be acceptable. 
The most common models for yield-stress fluids are the three-parameter Herschel-Bulkley 
model and two-parameter Bingham model. The Herschel-Bulkley model is typically written as, 
n
Y K           (2.13) 
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.      (2.14) 
This updated representation of the Herschel-Bulkley model is better for design comparisons 
because the dimensions are fixed for all parameters, independent of other parameter values. It 
results in the parameter 
critical  that is physically meaningful as a critical shear rate at which the 
flow stress is twice the value of the yield stress, 
Y . This physical intuition is desirable compared 
to the parameter K, which has units that depend on the parameter n. Unless otherwise specified, 
our reported values of a material’s yield-stress were taken from the Herschel-Bulkley model fit, 
but the widely-used Bingham model was also fit for comparison. The two-parameter Bingham 
model which fits the yield stress and infinite shear viscosity, , is 
 Y     .     (2.15) 
 
 
Figure 2.4. Low-dimensional representations of function-valued rheological data; here, a steady flow curve. 
Low-dimensional descriptions are required for easy comparison of materials when selecting or evaluating 
with Ashby-style diagrams. More accurate representations can come at the cost of decreased physical 
meaning and added complexity. Here, three possible representations of a yield-stress fluid are shown: (blue 
dashed) two stress values, the yield stress and the stress at some reference shear-rate; (red dash-dot) the two-
parameter Bingham model; and (green solid) the three-parameter Herschel-Bulkley model. 
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Shown in Figure 2.4 are three possible low-dimensional descriptions of the steady flow 
behavior of a yield-stress fluid: two values of shear stress (the yield-stress parameter from the 
Herschel-Bulkley model and the stress at a reference shear rate); the Bingham model, Equation 
(2.15); and the Herschel-Bulkley model, Equation (2.14). Clearly the reference-shear-rate 
representation loses a significant amount of information about the flow curve, though it has been 
used when selecting for minimum rheological criteria [41]. Our work focuses on the Bingham and 
Herschel-Bulkley model representations since they preserve substantially more information. In 
most cases, the two-parameter Bingham representation can do a reasonable job of capturing the 
yield stress and the high shear-rate viscosity and has been useful as the simplest model 
interpretation and for obtaining a successful dimensionless group to characterize droplet impact of 
yield-stress fluids [94]. However, the Bingham model can completely miss information regarding 
intermediate shear rates for materials shown here, and so in most cases for an accurate 
representation of the entire flow-curve a model with more parameters, such as Herschel-Bulkley, 
is necessary; this of course comes at the cost of added complexity (higher-dimensional co-plots) 
and may result in decreased physical meaning. In the case of the model reformat shown in Equation 
(2.14), this latter issue is limited to the interpretation of parameter n, which this work interprets as 
the degree to which a material shear-thickens for 1n   or shear-thins for 1n  .  
Of course, the Bingham and Herschel-Bulkley models are not without limitations. These 
models are the most common yield-stress fluid models not because they explain the greatest 
number of complex phenomena, but because they can accurately describe the representative steady 
shear flow behavior of a large number of yield-stress fluids across a wide range of experimental 
conditions. Phenomena that the structure of these models obviously cannot describe include pre-
yield flow behavior [10], sample aging and time-dependent properties [95], and the effect of flow 
27 
 
history including non-monotonic flow curves [11,48]. Models that describe these phenomena are 
far outside the scope of this work. 
As the starting point for a design database, one require a model that gives a reasonable 
representation of a wide variety of materials at the time of characterization with physically 
meaningful parameters. As will be discussed in Section III.D, the characterized flow curves are 
well represented by the Herschel-Bulkley model. Regarding the effects of aging and flow history, 
in the worst case scenario, a material could completely lose a yield stress that is recoverable [96]. 
In the best case, the yield stress could change over some definable range greater than zero. 
Similarly, some yield stress fluids are thermodynamically unstable and at long times can lose their 
yield stress [62,68]. This does not mean that simple yield-stress fluid models are irrelevant to the 
description of these materials, it means that when using these models, one must be rigorous in 
reporting the characterization methodology and time of characterization relative to formulation. In 
an ideal scenario, the relative time of characterization and application will match. However, if this 
is not the case, a designer must take into account the time-dependent nature of the materials. 
Perhaps someday there will be a universal constitutive model that describes all the possible 
phenomena of all materials capable of apparent yield-stress behavior for any flow history and at 
any time after formulation only using physically meaningful parameters. However, in order to 
facilitate the development of a useful design database today, one is required to use simpler models. 
As previously stated, these simple models of yield-stress fluid behavior have already been 
demonstrated sufficient in modeling or helping solve real design problems such as enabling 
adhesive locomotion [41], tuning droplet impact behavior [94,97], controlling droplet shape for 
some yield-stress fluids [98,99], and creating field-responsive dampers [100]. For these and many 
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other situations, the considered models are representative of the behavior in application of many 
materials, and more complex models are not always necessary. 
Low-dimensional descriptions will be relevant for other function-valued rheological 
properties, beyond just yield-stress fluids, including linear viscoelastic functions such as the 
relaxation modulus [101]. Whatever the degree of the low-dimensionality, visualization of the 
property values will be a relevant question, which will be considered in the following section. 
 
2.4.4 Visualizing Secondary Properties 
As stated previously, for applications involving yield-stress fluids, the yield stress will most 
likely be the primary design objective and there is no end to the number of secondary design 
objectives one might consider. For example, secondary objectives might be material properties 
such as viscosity, or linear storage modulus, G'; they might be features such as necessary weight-
percentage of additive, or cost of material; or even the presence (or absence) of non-ideal behavior 
such as fatigue, non-homogeneous yielding, or ductile versus brittle yielding [9,102,103]. The 
characterization and representation of these properties and effects will be key to the development 
of a useful design database, however those properties and many others are outside the scope of this 
work. Rather, this work focuses on the challenges in representing the steady flow behavior, which 




Figure 2.5. A) Ashby-style co-plot of the two-parameter Bingham model 
description of archetypal yield-stress fluids, Y      (c.f. Figure 2.4, red 
dash-dot line). B) Adjusted Coefficient of Determination from model fitting with 
variance weighting. See Appendix A for the full steady shear flow data which 
these Bingham parameters describe, verified by testing at multiple gaps. 
Uncertainty bars indicate the standard error of the parameters from fitting. 
 
Shown in Figure 2.5A is the comparative plot of the parameters from the Bingham model fit 
(Equation 2.15), the simplest whole-curve representation of a yield-stress fluid (full flow curves 
shown in Appendix A). Important insights into designing new materials can be obtained from the 
comparison of the trends and regions of the Bingham model parameters of different materials. 
Until such time as every yield-stress fluid one could possibly want has already been made and 
characterized, people will always need to try to expand the performance limits of materials; the 
scaling behaviors and inhabited regions give an idea of what material concepts are likely to be 
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successful strategies when expanding the parameter space. For example, in Figure 2.5A both oil-
in-water emulsions show the interesting scaling behavior of the infinite shear viscosity,  , being 
nearly flat, varying by less than half an order of magnitude, across one-and-a-half orders of 
magnitude in yield stress, Y . Therefore, one can expect that if one wanted to design a material 
with an increased yield stress without substantially increasing the high-shear-rate viscosity, an oil-
in-water emulsion would be one possible candidate for doing so. Studying the reason for this 
(Analysis of materials, Figure 1.2) could lead to other design concepts for achieving this. Similarly, 
due to the region they inhabit, one can infer that particulate gel systems will have the lowest 
viscosities at high shear rates.  
The simplicity of interpreting the Bingham model comes at the cost of accuracy; the adjusted 
R2 values of the model fits are shown in Figure 2.5B and indicate that for many materials the 
Bingham model can be unacceptably inaccurate and thus the three-parameter Herschel-Bulkley 




Figure 2.6) (A) Ashby-style co-plots of design-appropriate three-
parameter Herschel-Bulkley model descriptions of archetypal yield-stress 
fluids, Eq. (12). (c.f. Figure 5, green solid line). Shaded 2-D projections 
shown in detail in Figure 2.7. (B) Adjusted Coefficient of Determination 
from model fitting with variance weighting (same symbol labeling as 
Figure 6). See Appendix A for the full steady shear flow data which these 
Herschel-Bulkley parameters describe, verified by testing at multiple 
gaps. 
 
The Herschel-Bulkley model fit results in the parameters shown in Figure 2.6A with the 
adjusted R2 values shown in Figure 2.6B indicating a minimum adjusted R2 value of 0.90. The 
added complexity of this representation is immediately apparent in that three separate comparative 
plot projections are necessary to see the full relationships between fit parameters. In some cases, 
it is unclear if any meaningful relation can be determined such as in the plot of n versus critical 
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shear rate, where the parameter curves of some materials are non-monotonic, bending back around 
on themselves with varying concentration. In such a case, this behavior may be more indicative of 
a region of the property space that a material tends to inhabit, rather than any sort of scaling 
relationship. Here I will only comment on the behaviors of critical  and n versus Y  shown in 
Figures 2.7A and 2.7B respectively. Even considering only these two projections, one is still 
afforded great insight into how the materials will behave across a wide range of shear rates without 
needing to see the material flow curves at all, and this with just a three-parameter fit. 
 
Figure 2.7. Detailed projections of Ashby-style co-plot from Figure 2.6. See Appendix A for the full steady shear 
flow data which these Herschel-Bulkley parameters describe. Uncertainty bars indicate the standard error of the 
parameters from fitting (error bars for data from [104,105] are smaller than symbol size and are omitted for 
clarity). 
 
 Starting with Figure 2.7A, the critical shear rate, critical  , allows us to determine when the flow 
stress will deviate from the yield stress by a factor of one-hundred percent. The approximate range 
of critical shear rates for measured systems is 0.2 critical   3000 s
-1   with oil-in-water emulsions 
having very low values of critical shear rate, followed by Carbopol, then by the particulate gel 
systems. These trends in critical shear rate can be confirmed by directly examining the full data in 
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Appendix A, that shows Bentonite and Laponite have comparatively flat flow curves. Using Figure 
2.7B, one can also anticipate even more features of the sensitivity of the flow stresses to applied 
shear rate. As seen in Figure 2.7B, all the Bentonite samples have values of n that are significantly 
higher than the Carbopol samples. Per Equation (2.14), what this means is that while the Bentonite 
flow curves are flatter than the Carbopol flow curves for critical  , above critical  the Bentonite 
flow stresses will increase significantly faster than Carbopol.  
Figure 2.7B showcases differentiation of the materials correlating with the classification tree 
(Figure 2.2); systems with networked attractions have higher values of n that vary significantly 
with the yield stress, while the repulsive jammed systems have lower values of n that are much 
flatter as the yield stress is varied. Taken together, Figures 2.7A and 2.7B allow one to make 
qualitative comparative statements on the behavior of the material classes. For example, the 
resultant stress on the networked systems will increase as a function of shear-rate much more 
strongly than for the jammed systems, but the stress to flow the jammed systems will typically 
deviate from the yield stress earlier (excepting xanthan gum). A simple case study of how these 
property spaces might be used is presented in Section 2.5.1. 
This initial database can be continually grown by fitting the proposed Herschel-Bulkley model 
in Equation (2.14) to new and existing published data, as was done in Figures 2.7A and 2.7B with 
data from [104,105]. As the database grows, the broader possibilities of material behavior are 
immediately apparent. For example, though many studies consider only 0.5n   [62,66,67,104], 
this assumption is shown to only apply to a limited subset of the yield-stress fluids shown here. 
It is important to note that these comparative co-plots with the Herschel-Bulkley model are 
only possible due to the re-write of the model seen in Equation (2.14); the parameter K in the 
traditional Herschel-Bulkley model (Equation (2.13)) cannot be used in co-plots as K changes units 
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as a function of the n parameter. These qualitative comparisons come in addition to being able to 
accurately reproduce the complete flow curve for a wide range of shear rates if one’s application 
dictates it since all the necessary parameters are specified. 
 
2.4.5 Synthesis Approaches for Yield-Stress Fluids 
In addition to the physical insight afforded by our functional requirement (Section 2.4.1), 
which is crucial to successfully ideate new material concepts, the classification tree (Figure 2.2) 
allows for a systematic framework for concept generation and further organization and 
understanding of existing materials.  
Here I present one possible strategy for ideating new design concepts, a vision for the future 
design of yield-stress fluids. Shown in Figure 2.12 is a visualization of a juxtaposition/combination 
concept generation process (a known design methodology [27,106]) applied to material 
microstructures that can achieve a yield stress. This framework organizes ideated combinations of 
two individual material classes with representative classes pictured. In Figure 2.8, the general state 
of knowledge for each entry is indicated in the matrix. Each entry will be referred to using “(row, 
column)” notation with each grey square representing an individual material class using the same 
A-F notation as in Figure 2.2. Combinations of microstructures exist off-diagonal and include 
studied materials, as in the case of a mixture of a magnetorheological fluid and fibrillar gel (grease) 
[84], and material structures that have never been described in the open literature to the authors’ 
knowledge. Of course, any particular combination is subject to the constraints of chemical 
compatibility or the ability to actually synthesize the material. Additionally, just as in mechanical 
design, a conceptual combination in no way assures that the functional specifications will be met, 




Figure 2.8. One possible concept generation strategy for material microstructures and combinations thereof. Each 
entry on the diagonal (same labeling as Figure 2.2, (A) particulate suspensions [55], (B) emulsions [56], (C) 
foams [57], (D) particulate gels [58], (E) electro/magneto-rheological fluids [59], and (F) fiber gels [60]) 
represents an individual material class and serves as a label for off-diagonal combinations. Off-diagonal entries 
represent combinations of microstructures. Two example combinations are shown schematically: (A,B), a 
particulate suspension as the interstitial fluid in an emulsion; and (B,D), emulsified droplets networked in a 
structure similar to a particulate gel. A combination of an emulsion with a microstructure with no yield-stress, a 
transiently crosslinked polymer network, is shown on the right. 
 
Though many of the presented juxtapositions in Figure 2.8 at first glance may not 
necessarily suggest any additional benefit over others, this method is a quick and simple way of 
generating a very large number of possible ideas. In fact, many of the combinations in Figure 2.8 
are being studied because they are either scientifically interesting, have novel properties, or both. 
For example, a combination of particulates and emulsion droplets, as pictures in (A,B) is being 
investigated in the form of bimodal dispersions of starch and fat droplets [107]. Microgels made 
field-responsive would correspond to (A,E) [108]. Entry (C,D) applies to whipped cream which 
can be conceptualized as a foam stabilized by a particulate gel network [109]. Entries on this 
juxtaposition table are not limited to a single incarnation. For example, entry (A,C) could describe 
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a foam stabilized by a crowded colloidal suspension [110], or a particulate suspension that has 
been foamed as in the case of foamed concrete [111].   
Composite microstructures appearing very recently in scientific literature include 
photocrosslinkable nanoemulsions which fall into the category of emulsion gels (B,D) [112,113], 
and nanoparticle solutions used as an adhesive between polymer gels [114]. The latter concept is 
not pictured but can be conceptualized as a composite of particulate and polymer gels. Other 
composite materials not pictured include field-responsive polymer gels [108] and yogurt, which is 
a combination of a polymer gel and an emulsion [109]. Of course, in juxtaposition, one is not 
limited only to combining two yield-stress fluid concepts. For example, ice cream might be 
conceptualized not as a combination of two concepts, but three: a foam, an emulsion, and a jammed 
particulate suspension [109]. Using the technique of juxtaposition, one could combine any number 
of concepts, or perhaps combine a yield-stress fluid concept with a structure that would have no 
yield stress, but attains a different rheological function. An example of the usefulness of this 
juxtaposition process is provided in the next section on case studies. 
 
2.5 Case Studies 
Here this work demonstrates the usefulness of our proposed paradigm through two simple 
design problems that make use of the different methods presented in Section 2.4. 
2.5.1 Case Study 1: Yield-stress fluid adhesive design (material selection) 
This design problem is to constrain one surface to another. Here I will assume the 
following requirements as our “customer needs”: the surfaces must resist a peak separating force 
of at least 8 Newtons (for context, approximately the weight of a piñata filled with candy), one of 
the surfaces is a semi-infinite flat plate that cannot be modified (no permanent deformation), the 
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surfaces must be separable without destroying either surface. Typical solutions to this problem 
such as mechanically separable fasteners and welding are unable to satisfy all design constraints, 
leaving us with the strategy of using an adhesive. The use of yield-stress fluids as adhesives has 
been investigated [7,115,116], and for obvious reasons I will limit our consideration of this 
problem to yield-stress fluids.  
Derks et. al [115] derived the following equation for the peak adhesive force for an 
incompressible yield-stress fluid between circular flat surfaces for small gaps (shear-dominated 
deformation) at very low shear rates, 












  (2.16) 
for surface radius, R0, and initial gap height, D0. This equation was validated using a material with 
behavior well described by Herschel-Bulkley model parameters. Thus, this simple model (that 
neglects thixotropy and many other phenomena) is entirely sufficient for this design problem 
provided the properties at the time of characterization are representative of the properties at the 
time of use.  
Whether a static or a dynamic yield-stress is more relevant for this particular design 
problem is entirely dependent on unspecified details of the application. However, it is nearly 
always the case that a static yield stress will be greater than or equal to the dynamic yield stress. 
Given the vague nature of this (and many) design problems, since our primary design objective 
translates only to a minimum yield-stress, it is prudent to use the dynamic yield stress regardless 
of which yield stress is closer to application conditions. 
Choosing for now that the radius of the circular surface and initial gap height are to be 27 
and 0.5 millimeters, respectively, solving for Y   gives us approximately 100 Pa as our minimum 
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yield stress target specification. Consulting Figure 2.3 to generate product concepts from the 
limited number of formulations presented here, there are 3 materials for us to choose from: 0.5wt% 
Carbopol, 12wt% Bentonite, and 5wt% Laponite. With multiple materials satisfying our primary 
design objective, one could stop their design process here and select all 3 formulations as 
candidates to formulate and validate in application, however this would be premature since this 
case study has yet to consider any secondary properties. Additionally, the geometry here was 
chosen simply for demonstrative purposes. For a situation where the surface radius is 40 
millimeters, the minimum yield stress would be approximately 30 Pa, and the number of candidate 
materials increases four-fold to 12. Thus, it is easy to see how a more open-ended design, as well 
as a larger database, quickly lead to situations where it is impractical to compare, formulate, and 
test all material concepts, and therefore secondary properties are necessary to down-select to 
materials more likely to be best. 
Equation (2.16) was derived assuming low shear rates, and therefore the peak force only 
depends on the yield stress value and not the flow behavior. However, if yielding and larger shear 
rates were to occur in application, a material with a strongly increasing stress response would lower 
the risk of catastrophic debonding. Thus, one can use sensitivity of the flow curve as a measure of 
the robustness of the material, and rank the suitability of the 3 candidate materials. In terms of the 
parameters this work has characterized, a material with a lower critical  has a more sensitive flow 
curve. Of less importance here, a higher value of n contributes to a more sharply increasing flow 
curve after critical  and could be used as an additional ranking index were two materials to have the 
same critical shear rate. In general, the decision of which parameter is more important depends on 
the details of the functional requirements and application conditions. 
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Consulting Figure 2.7A to select our product concepts, I am seeking a material in the lower-
right portion of this plot. Ranking the three formulations that meet the minimum yield stress 
requirement, Carbopol has the lowest critical shear rate, followed by Bentonite, with Laponite in 
last. While the number of materials a designer selects to move on to downstream design processes 
can be subjective, this ranking of suitability based on secondary criteria is not dependent on 
designer input. Should these materials fail in the concept testing phase (e.g. due to non-ideal 
conditions), a designer could use the scaling behavior seen in Figures 2.3 and 2.7 to predict how 
more concentrated formulations might behave in further tests. Additionally, if there is need to look 
beyond the current set of known materials, surveying using only a rheological modifiers hand-
book or similar tool would be an overwhelming process given the issues discussed in Section 2.2.2. 
If this is the case, the functional requirement and organization presented in Section 2.4.1 can be 
used to select candidate materials based on anticipated microstructure rather than ingredient. 
Of course, this simplified down-selection process was performed only with the available 
parameter space. Secondary properties of interest that may affect performance for this particular 
design that are outside the scope of this work include pre-yield (ultra-low shear rate) viscosity and 
aging behavior if the adhesive is to be used for long times, thixotropic restructuring times that will 
affect the initial adhesion process, and pre-yield modulus that will dictate how well the material 
adheres to a rough surface similar to the Dahlquist criterion [117]. This is not to say that one should 
be paralyzed and rendered impotent in our design process due to our lack of description of all 
possible properties and phenomena. Relevant and meaningful decisions can still be made using the 





2.5.2 Case study 2: Extensible yield-stress fluid design (material concept synthesis) 
Obtaining a highly-extensible yield-stress fluid is the second design problem case study. 
This work is detailed in Chapter 3, but I briefly describe a portion of the work here as an example 
of the presented design paradigm, specifically the juxtaposition process (Section 2.4.5). For the 
materials formulated here, the characterized shear data does not necessarily allow one to draw any 
conclusions about “stretchability”. However, extending these materials between one’s thumb and 
index finger suggests they are generally incapable of stretching to a length comparable to materials 
such as bubble gum. High extensibility of materials is known to be important for sensory 
characteristics for foods including bubble gum [118]. It has also been conjectured that high 
extensibility stabilizes a filament extrusion process such as in direct-write 3D printing [119]. 
We have no options from our surveyed concepts capable of satisfying our qualitative target 
specifications, and chose to generate a set of new concepts using the process detailed in Section 
2.4.5. To be explicit, I carried out this process to ideate numerous concepts that I could choose to 
develop based on qualitative arguments of suitability. At this very early phase of the design 
process, I was not seeking to evaluate the feasibility of formulation, I was not seeking a list of 
chemicals that could be used to make such a material, and I certainly was not seeking to generate 
constitutive models to predict the properties of completely new concepts for materials. This last 
task in particular is not feasible during a typical design process given that a model for a radically 
new material cannot be validated until after the design has already been decided upon and 
formulated [23]. Certainly, after the concept generation process, the process of selecting a product 
concept requires consideration of how a given concept might be formulated, but prescribed 
methodologies for this are outside the scope of this work. Though many concepts were generated, 
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I will focus on the qualitative reasoning for the final concept I selected for downstream design 
process development.  
Shown in Figure 2.8 is a schematic for a concept for a material is characterized in detail in 
Chapter 3, a juxtaposition of an emulsion that is a yield-stress fluid with an interstitial transiently 
crosslinked polymer network of moderate molecular weight. A major reason this concept was 
selected was to attempt to minimize interactions between the juxtaposed microstructures, since 
interactions have the potential to be enormously complex. The emulsion microstructure provides 
a yield stress and little-to-no extensibility, whereas the polymer network microstructure provides 
high extensibility but no yield stress. In this way, the material has conceptually decoupled design 
parameters [120]. Interactions will always be present with multi-component systems, e.g. the 
emulsion stability may be affected by the polymer component. However, some structures are, of 
course, more sensitive than others. For example, the Bentonite, Laponite, Carbopol, and xanthan 
gum are sensitive to salt concentration and pH to different degrees. The emulsion structure, while 
still having multi-component interactions, is, in principle, robust in the compartmentalization of 
additives (water- and oil-soluble additives separated). This aspect of emulsions allowed for more 
freedom when choosing the high-extensibility microstructure and formulation. The rationale for 
the extensibility-providing microstructure is provided in Chapter 3 along with characterization in 
both shear and extension.  
Even without detailing the real material microstructure to confirm consistency with the 
generated concept, the juxtaposed idea is what enabled the formulation to occur at all. 
Additionally, only through generating a large number of material concepts—many of which were 
not feasible to formulate or did not satisfy the functional requirement—was it possible to carry out 
the downstream design processes and obtain a completely new material. To create completely new 
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material systems, one cannot be limited to incrementally modifying existing systems or only 
considering material structures with properties that are predictable in a straightforward way. If 
these approaches are all that one considers, this is tantamount to design fixation [121], and 
radically new solution spaces of materials will never be achieved without the provocation of 
approaches such as juxtaposition [27] 
 
 2.5 Conclusions and Outlook 
Here this work has presented an ontology for the design of yield-stress fluids. I have provided 
methodologies and insights for broadening the available design space, and for the evaluation of 
design concepts based on available predictive analysis and the comparison of simply represented 
flow data. Moving forward, this work recommends usage of our revised representation of the 
Herschel-Bulkley model since it preserves the flow data while having physically meaningful 
parameters. Anyone wishing to utilize yield-stress fluids in some product or application would 
benefit from the methods presented here, by making use of our early-stage database framework 
and more importantly considering all possible concepts rather than blindly accepting the most 
immediately obvious approach. 
The design-space presented here is obviously incomplete. Not all materials and microstructure 
types that produce a yield-stress fluid are known by the authors or by anyone else. However, by 
following the functional requirement proposed here, significant progress can be made on 
effectively deciding what materials are capable of producing a yield-stress fluid to then be 
evaluated and characterized appropriately. These same methods of design can and should also be 




Everything presented here has only been to relate a particular rheological parameter, the yield-
stress, to numerous structures, the lower level stage of the “Design of Materials” schematic 
outlined in Figure 1.2 (left portion). To effectively design complex materials in the future will 
mean completely integrating the higher-level stage of performance-to-rheology target setting (e.g. 
[1,41,101]) with the lower level stage of rheology-to-structure ideation (the focus of our work), 
followed by formulation and the optimization of specific material formulations, e.g. with 
computational material science or otherwise [122–124]. To further develop the full design toolbox 
for yield-stress fluids and other materials, the fields of engineering design [50,125], product design 
[24,31,40,126], and design science [25,33,35,51,127,128] can be embraced for other 
methodologies and insight. This will enable the rheology and soft matter communities to better 
design materials to achieve novel functionality due to the unique aspects of rheologically-complex 
soft materials. 
This work has been published and forms the foundational paradigm for subsequent work that 
focuses on a particular secondary property (extensibility), a particular application (direct-write 3D 
printing), and appropriate processing to obtain a yield-stress fluid material. The initial work 
presented in my master’s thesis was expanded on for publication to include additional experimental 
data, a more precise functional requirement that acknowledges subtleties of non-ideal yield-stress 
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Chapter 3: Characterization and design of 
highly-extensible yield-stress fluids* 
 
3.1 Introduction 
In this chapter, I expand on the design paradigm and database presented in Chapter 2. I expand 
the focus by looking now at secondary property beyond the steady shear flow behavior, 
extensibility. Shown in Figure 3.1, there is an obvious discrepancy in the extensional behavior 
between well-studied laboratory yield-stress fluids such as those investigated in Chapter 1 (Figure 
3.1A) [20] and common industrial and consumer yield-stress fluid materials (Figure 3.1B,C). 
Figures 3.1A and 3.1B depict the materials immediately after rupture occurs. When compared to 
model materials, the application-relevant yield-stress fluids are often able to survive enormous 
extensional strains. Due to this discrepancy, this work suggests a silicone oil-in-water emulsion 
with a transiently crosslinked network of poly(vinyl alcohol) as a model for studying the behavior 
of highly extensible yield-stress fluids (Figure 3.1D).  
In bubble gum (Figure 3.1C), it is important that the material be able to reach large extensional 
strains because this contributes to consumer perception as well as the ability to blow bubbles [118]. 
Prior to the work presented in Chapter 5, the importance of high-extensibility had not been directly 
established for applications involving printing of yield-stress fluids such as the resin shown in 
Figure 3.1B. Though not the focus of this work, it has been conjectured that a printed filament of 
highly-extensible material will not rupture as easily during extrusion, contributing to a smoother 





Figure 3.1. The extensional behavior of yield-stress fluids. A) Bentonite clay suspension, a commonly studied 
material that fails to match the extensibility of other yield-stress fluids; B) a resin used in printing by the company 
HexArmor; C) the bubble gum, Hubba Bubba Bubble Tape; and D) a model material introduced here. The scale 
bar shown applies to all images. 
 
While previous studies of yield-stress fluids have been extensive, none have conceived of the 
materials as being highly extensible. There are certainly many yield-stress fluids that cannot 
survive large extensional strains. However, the works investigating yield-stress fluids in extension 
do not recognize materials that are able to reach large strains, instead typically focusing on more 
paste-like yield-stress fluids [7]. Yield-stress fluids in extension have been of interest for 
understanding the pinch off dynamics in a separating plate [98,129,130] and drop formation 
configuration [131], and to measure critical flow and separation stresses in extension [99,132,133]. 
The lack of studies on highly-extensible yield-stress fluids is an imbalance in the current paradigm 




materials differ from application-relevant materials in terms of extensibility, and (ii) introducing a 
simply-formulated material that is both highly extensible and has a yield stress (Figure 3.1D). 
For the common model materials, the same formulations as Chapter 2 were used (shear flow 
data given in Appendix A). As discussed in Chapter 2, there are two primary structural mechanisms 
by which the yield stress comes about, jamming or attractive interactions (Figure 2.2). However, 
combinations of both mechanisms are of course possible, and it is there that most application-
relevant materials with complex formulations are likely to exist, although frequently the precise 
microstructure is simply unknown. 
 
3.2 Background 
The importance of characterizing the extensional properties of various materials has been 
widely recognized for polymer processing with polymer solutions and melts [134–138], biological 
fluids such as saliva [139], magnetic industrial fluids used in vibration dampers [140], surface 
coatings [130], food materials [98], and consumer confectionary products such as chewing gum 
[118,141]. For the characterization of the uniaxial extensional properties of these materials, the 
most common methods are the imposition of either a constant extensional strain rate or a step 
extensional displacement (filament stretching or capillary breakup) [134,142]. This work 
characterizes materials by imposing a constant extensional strain-rate to measure the strain at 
which rupture occurs (strain-to-break). The two methods by which this work imposes extensional 
strain rates are by (i) exponentially increasing the separation velocity of two parallel plates 
(referred to here as “filament-stretching”) and (ii) using a counter-rotating-drum fixture at a fixed 
velocity. For the filament-stretching experiments for initial radius, 0R , and initial plate separation, 




 0 0 0/H R  ,  (2.1) 
should be approximately unity for homogeneous uniaxial extensional flow [137]. The counter-
rotating-drum method was used when the filament-stretching experimental setup could not access 
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 are related by [143], 
 ln( 1)true eng   . (2.4) 
For the stability of a material in extension, the Considère criterion has been used in both solid 
mechanics [144] and for polymeric materials [138,145] to quantitatively predict the critical strain 
beyond which homogeneous extension no longer occurs. The necking behavior of some materials 
has been found to be strain-rate dependent [136,146], but in the limit of “fast” extension (i.e., 
where no molecular relaxation occurs), the critical strain of the Considère criterion has been used 
to predict the failure strain (strain-to-break) for constitutive equations that describe the behavior 
of polymer melts [147]. By this same method, it can be shown (see Appendix B) that the tensorial 
Herschel-Bulkley model (see Section 2.4.3) predicts that yield-stress fluids never undergo stable 
uniaxial extension (i.e., have a critical strain value of zero). Thus, this simple model fails to capture 
the failure strains shown in Figures 3.1B and 3.1C.  
Of course, it must be noted that the strain-to-break is an extrinsic material property that may 




is extremely useful in solid mechanics for informing material selection choices by comparing the 
ductility of materials through their “percent elongation” [148]. However, just as in the 
characterization of solid materials, care must be taken when comparing materials to standardize 
the initial sample geometry and extension rate, which I do here as much as possible.  
 
3.3 Materials and Methods 
Materials include the well-studied archetypal yield-stress fluids presented in Chapter 2, 
commercial products, and a proposed new model material for yield-stress fluids with extensibility 
(Refer to Tables 2.1 and 3.1 for the specific material formulations presented in this paper). The 
preparation of the archetypal yield-stress fluids is the same as detailed in Chapter 2. 
For our proposed model material, hereafter referred to as a PVA-borax emulsion, 1000 cSt 
silicone oil with a density of 0.97 g/ml obtained from Sigma Aldrich was blended using an 
overhead stirrer at 600 rpm for 5 minutes with a 4wt% solution of poly(vinyl alcohol) (molecular 
weight 85,000 – 124,000, 99+% hydrolyzed) in deionized water and then added to a test tube 
containing a 4wt% solution of sodium tetraborate in deionized water and shaken vigorously and 
occasionally stirred for 5 minutes. The overall weight-percentages of the oil, PVA, and sodium 
tetraborate were varied as detailed in Table 3.1. The poly(vinyl alcohol) and sodium tetraborate 
were both purchased from Sigma-Aldrich. Using this method of formulating the model system, at 
wt% oil of 50 and below, no apparent yield-stress behavior was observed; above a wt% oil of 60, 
there was insufficient PVA (emulsifier) to form a stable emulsion. 
Using the density of the oil and assuming the continuous phase has approximately the same 
density as water, lower bound estimates of the volume fraction are obtained and are given in Table 




volume fraction [149], but this is unconfirmed and outside the scope of this work. Additionally, 
the chosen mixing method likely entrains air bubbles that contribute to the jammed volume 
fraction. 
The industry-relevant products tested were Nutella Hazelnut Spread (Ferrero), Whipped 
Frosting (Duncan Hines), Laffy Taffy (Nestlé), Hubba Bubba Bubble Tape (Wm. Wrigley Jr. 
Company), resin used in the production of HexArmor personal protective equipment, and Mystic 
Smoke (a material used in performance magic, Loftus International). Before testing, the Hubba 
Bubba Bubble Tape was chewed for 20 minutes, at which point the weight of the material ceased 
to depend on chewing time. All other consumer products were tested as received. Unless noted 
otherwise, all rheological experiments were repeated 3 times. 
Table 3.1. Proposed model material formulations. In all cases, poly(vinyl alcohol) and borax content was supplied 
from 4wt% stock solutions in water. For specific synthesis procedure refer to Section III. Materials and Methods. 
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For this chapter, yield-stress characterization was performed in one of two ways depending on 
the sample: either velocity-controlled steady flow tests, or step-stress creep compliance tests. The 
procedure of the steady flow tests was the same as given in Section 2.3. Velocity-controlled tests 
were problematic for materials prone to edge failure at high shear-rates, including the Laffy Taffy, 
Hubba Bubba Bubble Tape, and the proposed model material. For these cases, a series of step-
stress creep tests were imposed (Figure 3.2). Materials were allowed to reach a steady shear-rate, 
allowing for the determination of steady shear viscosity as a function of the applied stress. The 
yield-stress in this case was taken from within the stress range over which the viscosity declines 




stress tests with parallel disks, the yield stresses of the materials tested in creep are apparent 
stresses rather than true stresses. 
 
Figure 3.2. Shear creep compliance curves for difficult-to-test materials, A) Laffy Taffy, and B) Hubba Bubba 
Bubble Tape. Velocity-controlled flow tests were not feasible for these materials due to edge failure behavior (inset 
image in B2). Constant applied stress tests were used to obtain the compliance over time, with the applied stresses 
increasing monotonically between the labeled compliance curves (A1 and B1). From the compliance, the resulting 
steady shear viscosity curves (A2 and B2) show gradual yielding. The grey shaded regions identify the stresses over 
which viscosity has begun to decrease substantially, the yield stress for each material is taken as the stress for the 
data point within the shaded regions. Error bars are smaller than data points. 
 
Characterization with filament stretching for the extensional strain-to-break was performed on 
a TA Instruments ARES-G2 rheometer (separated rotational motor/transducer, combined axial 
motor/transducer). For the filament-stretching experiments a parallel-plate geometry with a 
diameter of 8 millimeters and advanced Peltier system bottom plate were used. The samples were 
loaded at a gap of 4 millimeters, resulting in an aspect ratio of 0 0 0/ 1H R   . Samples were 
loaded as near to the initial height as possible to minimize compression. Samples were not pre-




engineering strain of 2000%eng   ( 3.04true  ). A constant true strain rate, 
10.2s  , was used 
for all tests. 
The counter-rotating-drum experiments were performed on the previously mentioned DHR-3 
rotational rheometer using an SER2 or SER3 Universal Testing Platform fixture from Xpansion 
Instruments. For the counter-rotating-drum experiments, samples were loaded as per the 
recommended dimensions and procedure [135]. A constant true strain rate, 
10.2s  , was used 
for all tests. Videos were taken during all extensional tests, and images were correlated with the 
measured load and displacement to determine the extensional strain-to-break. See Appendix B for 
all extensional stress-strain curves from both filament-stretching and counter-rotating-drum 
experiments. 
For microstructural characterization of the PVA-Borax emulsion, optical microscopy with 
transmitted bright-field illumination was performed using a Nikon Eclipse Ti-U inverted 
microscope with an EM-CCD camera. Micrographs were recorded with a 20x objective lens at 
various locations across multiple samples. 
 
3.4 Results 
3.4.1 Archetypal Yield-stress Fluids and Consumer Products 
The shear and extensional behavior of the studied archetypal yield-stress fluids are shown in 
Figure 3.3 with images of representative systems just before rupture occurs. All data points in 
Figure 3.3 are simplified descriptions of the full data from shear flow and extensional flow (See 
Appendix A for shear data and Appendix B for extensional data). The steady simple-shear flow 
characterization for the three representative systems in Figure 3.3 is shown in Figure 3.4, and the 




stresses of over two decades, the engineering strain-to-break only varies by approximately a factor 
of two. 
 
Figure 3.3. Ashby-style co-plot of the shear and extensional behavior of archetypal yield-stress fluids. All 
filament stretching tests were performed with an initial aspect ratio, 
0 0 0
/ 1H R   . Shown are three 
representative materials: A) a silicone oil-in-water emulsion that is 65wt% oil, B) 5wt% xanthan gum in 
water, and C)12wt% bentonite in water. Error bars are the standard deviation from repeated experiments. The 
water break-up limit for a volume equivalent to those in our experiments is 135% and was determined for 
zero-gravity conditions [150]. The values from [129] were found using a Herschel-Bulkley model for an 
initial aspect ratio double that of our experiments. See Appendices A and B for the full steady shear flow and 
extensional engineering stress curves that these points represent, respectively. 
 
 
Figure 3.4. Steady simple shear flow for the three representative materials shown in Figure 3.3. The lightened 
data points are tests performed at a smaller gap, and from these tests no evidence of slip is seen. Rather, a 
confinement effect (higher flow stress at lower gap) is observed. All yield-stress parameters are fit to the flow 





Figure 3.5. Extensional engineering stress curves for the three representative materials shown in Figure 3.3 tested 
using the ARES-G2 filament stretching experimental setup. The bold data points are the average of repeated 
experiments (lightened data points) The vertical dashed lines depict the average strain-to-break which was found 
by correlating the extensional stress curves with video images. The width of the shaded region depicts the 
standard deviation in the strain-to-break from repeated experiments. A constant true strain-rate of 
-10.2 s   
was used for all extensional tests. 
 
As shown in Figure 3.3, there is no clear correlation between the extensibility and yield-stress 
for the data set taken as a whole. However, correlations can be seen within distinct material 
systems. Carbopol and the silicone oil-in-water emulsions, both repulsion-dominated systems, 
show a slight increase in extensibility as their yield stresses increase, with the extensibility of 
Carbopol saturating at the same concentration as the measured yield stress value. The extensibility 




are increased. Laponite is the one tested system that shows a decrease in extensibility as the yield 
stress is increased. Xanthan gum, a long-chain polymer system, shows the largest extensibility, as 
may be expected from a stretchy attractive network. However, comparing Figures 3.1 and 3.3, the 
extensibility of Xanthan gum shown in Figure 3.3B is far less than the extensibility behavior seen 
for the application-relevant materials in Figures 3.1B and 3.1C (though Xanthan does show 
necking behavior somewhat similar to the printing resin in Figure 3.1B). 
 
Figure 3.6. Extensional engineering stress versus true strain for a commercial product, Hubba Bubba Bubble Tape. 
Extensional data for materials which reach the limit of extensibility for the ARES-G2 filament stretching 
experimental setup (shown in Figure 3.1) were obtained using an SER3 counter-rotating-drum stretching experiment 
as shown. The white scale bar in each image is 5mm. The dashed line indicates the strain-to-break. For comparison 
with other materials, the true strain was related to engineering strain with Equation 2. The error bars are the standard 
deviation from repeat experiments. 
 
The tested materials with the lowest yield-stresses rupture in a qualitatively similar way to 
water (e.g., Figure 3.3A), and in this regard the lowest concentrations of Carbopol and the silicone 




the indicated water break-up limit under zero gravity of 135% determined for our initial volume 
from Sanz and Martinez [150]. The surface tension of water was used to calculate the values taken 
from simulations for the 3D tensorial Herschel-Bulkley model [129], as all of our material systems 
have a continuous water-phase. For those simulations, an aspect ratio of 0 2   was used and thus 
a smaller strain-to-break is expected. The simulations show non-monotonic behavior of break
versus Y  , with break  varying by at most a factor of two for the shown range of yield stresses, 
similar to the variation in the archetypal materials. For these archetypal materials, I find that the 
least extensible materials belong to the repulsion-dominated category, while the highest 
extensibility is achieved by an attraction-dominated material composed of long-chain polymers. 
As shown in Figure 3.1, when considering application-relevant materials, the strain limit for 
the filament-stretching experimental method was reached for some materials and thus it was 
necessary to make use of the counter-rotating-drum experimental setup shown in Figure 3.6. As 
pointed out in Section 3.2, break  is an extrinsic material property that may depend on the initial 
geometry. Thus, one should not necessarily expect consistency when comparing between the 
filament-stretching and counter-rotating-drum setups. In the particular cases of the consumer 
products tested here (Laffy Taffy and Hubba Bubba Tape) there is some consistency in the fact 
that break on the counter-rotating-drum setup is larger than the maximum strain of the filament 
stretching setup. 
Comparing the consumer products to the archetypal fluids in Figure 3.7, while the laboratory 
systems approach the behaviors of Nutella and whipped frosting, they come nowhere near the 
HexArmor resin, Mystic Smoke, or confectionary products. Thus, archetypal model materials and 
mathematical constitutive models may be irrelevant for understanding of some materials in 






Figure 3.7. Ashby-style co-plot of archetypal yield-stress fluids and consumer products. For Mystic Smoke which 
could not be loaded in the counter-rotating-drum setup, the filament-stretching limit is taken as the lower bound 
of the strain-to-break. Error bars shown are the standard deviation from repeat experiments. Note that, compared 
to Figure 3.3, both axes are logarithmic scales. See Appendices A and B for the full steady shear flow and 
extensional engineering stress curves that these points represent. 
 
3.4.2 Design and Analysis of a Model Material 
In attempting to match the performance of materials shown in Figure 3.1B and 3.1C with that 
of a model material, I followed a methodology for the design of a yield-stress fluid described in 
Chapter 2. The design methodology contrasts with analysis strategies in that it is built upon generic 
principles of inverse problem solving: the performance objective (material behavior) is specified 
in a chemistry- and structure-agnostic way, allowing for creative concept generation. Ideally, one 
would be able to select materials matching the necessary properties from a material database. 
However, since the paradigm of highly extensible yield-stress fluids is under-developed, this work 




none of the surveyed archetypal yield-stress fluids could achieve the properties or performance 
displayed by the application-relevant materials, the only choice was to formulate a new material. 
For this new material, I sought to make it a model highly extensible yield-stress fluid. This work 
defines a model material as i) having a simple, controllable formulation; and ii) having an 
interrogatable microstructure. 
 
Figure 3.8. Proposed highly extensible model yield-stress fluid, a silicone oil-in-water emulsion combined with a 
transiently-crosslinked network of polyvinyl alcohol (MW 85,000 – 124,000). Shown on the left is a sketch of the 
microstructural concept used to conceive of this material: the emulsified droplets (shown in black) provide the 
material with a structure with which to bear static loads (a yield stress), while the transiently-crosslinked polymer 
network (blue lines with orange crosslinks) prevents the droplets from coalescing and allows the structure to 
survive large extensional strains. Shown on the right are the two synthesized formulations which manifested the 
desired qualitative performance objectives. The 8mm scale bar shown applies to all four images on the right. 
 
For this process, numerous microstructure concepts were envisioned using a technique of 
juxtaposing two different existing microstructures as detailed in Section 2.4.5. As briefly 
introduced in Section 2.5.2, the material concept chosen to develop is shown in Figure 3.8 and was 
conceived of as the combination of a yield-stress-providing microstructure (a packed emulsion) 




An emulsion was chosen as the yield-stress-providing microstructure since it conceptually 
allows for the compartmentalization of different additives into the water (continuous) and oil 
(dispersed) phases, thus allowing for more freedom when choosing the method of providing high 
extensibility. As stated, one of the preferred goals was for the model system to have a simple 
formulation. For this reason, poly(vinyl-alcohol) with a moderately high molecular weight was 
chosen to provide the extensibility since it has dual functionality as an emulsifier, removing the 
need for an additional emulsifying ingredient. To further increase the extensibility, I chose to add 
borax as a transient crosslinker; an alternative strategy for increasing extensibility might be to use 
a very high molecular weight poly(vinyl-alcohol), but in practice this made emulsification more 
difficult and this strategy was not pursued. 
As desired of our model system, the microstructure is directly observable. Images of the 
microstructure obtained by microscopy and measurements of the radii of the resolvable droplets 
in the respective images are shown in Figure 3.9 for a range of oil content. As envisioned, there 
exists a dispersed oil droplet microstructure which packs together, providing a mechanism for 
yield-stress behavior to occur. Figure 3.9 shows that some areas of the 50wt% formulation (which 
did not show yield-stress behavior) are relatively open with few oil droplets. This was not the case 
for the 55 and 60wt% formulations which always have significant oil-droplet packing. From the 
measurements of droplet radii of the 50, 55, and 60wt% images, the mean droplet sizes were 16.3, 
11.5, and 10.1 μm respectively. For the same measurements fit to a lognormal distribution, the 
lognormal means were 2.5, 2.2, and 2.1 μm respectively. For either distribution, the mean droplet 
radius does not decrease significantly with increasing oil content. The maximum droplet radii with 




The smallest measured droplet radius across all samples was 2.4 μm, but it is likely that smaller 
but unresolvable droplets exist within all samples.  
 
Figure 3.9. Micrographs and droplet size distributions of the designed PVA-borax emulsion at different oil 
content formulations. The 50wt% formulation has areas of the microstructure with relatively loose packing of oil 
droplets, whereas the 55wt% and 60wt% formulations always have a high oil-droplet packing. The droplet size 
distributions were quantified using the resolvable droplets in the images shown. 
 
With this microscopy technique one is unable to view the structure of the PVA; however, PVA 
is known to move to the interface of oil and water [149]. Since I am unable to determine any 
microstructure composed of PVA and Borax, it is unknown how accurately the formulated material 
matches my synthesized design concept. However, based on this concept, this work was able to 







Figure 3.10. Shear creep compliance curves for two formulations of the proposed model material with A) 60 and 
B) 55 wt% silicone oil. Compliance over time at various levels of applied stress (A1 and B1), resulted in steady 
shear viscosity curves (A2 and B2) which show yielding. The grey shaded regions are bounded by the stresses 
over which viscosity decreases by over half an order of magnitude, the yield stress for each material is taken as 
the stress for the data point within the shaded regions. Inset images depict sample fracture which occurs at 
stresses higher than the reported data points. 
 
Figure 3.10 shows the shear creep compliance characterization for the PVA-borax emulsions 
with two different oil loadings. Above 50wt% oil (see Appendix B), the material transitions from 
a shear-thinning material with no yield stress to a yield-stress fluid with yield stresses of 300 Pa 
and 500 Pa for the 55 and 60wt% oil formulations, respectively.  
 Though these materials can achieve the yield stress performance objectives that were sought, 
there are numerous experimental challenges with the system including edge fracture at high 
stresses or shear rates (Figure 3.10 inset), and a propensity towards slip and confinement artifacts. 
Figure 3.11 shows the characterization of the PVA-borax emulsions in extension in both the 
filament-stretching and counter-rotating-drum experimental setups. As was desired for matching 




filament-stretching setup (Figure 3.11 A2), and thus necessitated testing on the counter-rotating-
drums. Due to the softness of the material, reproducible loading for this setup was extremely 
challenging for both formulations, resulting in the standard deviation error bars shown. The 60wt% 
formulation was the only observed material that was capable of being tested on both experimental 
setups. For comparison between the two formulations, the strain-to-break values were both taken 
from the counter-rotating-drum setup (A1 and B1).  
 
Figure 3.11. Extensional engineering stress curves for proposed model highly-extensible yield-stress fluid. 
A) 55wt% and B) 60wt% formulation. A1) and B1) depict experiments performed using the SER3 
experimental setup with the average of repeated experiments in red and error bars in gray. A2) and B2) 
depict experiments performed using the ARES-G2 experimental setup. Curves were correlated with video to 
determine the engineering strain-to-break. For subsequent figures, values of strain-to-break are taken from 
A1) and B1). Error bars shown are the standard deviation from repeated experiments.  
 
In Figure 3.12, characterization results for the designed yield-stress fluid system are shown 




I am able to match the extensibility performance of the most extensible consumer products shown 
here. 
 
Figure 3.12. Ashby-style co-plot of all materials studied here. For data points above the filament-stretching limit, 
values from the counter-rotating-drum setup were used. See Appendices A and B for the full steady shear flow 
and extensional engineering stress curves that these points represent. Error bars shown are the standard deviation 
from repeated experiments. 
 
3.5 Conclusions and Outlook 
Here this work has presented a new paradigm of yield-stress fluids as capable of being highly-
extensible materials. I introduced a methodology for characterizing yield-stress fluids capable of 
capturing a wide range of yield stress and extensibility behavior. Lacking a suitable model highly-
extensible yield-stress fluid, I generated a concept for a new material based on a combination of 
microstructures, synthesized our candidate material, and then carried out rheological 




synthesized material, I have shown that it is capable of quantitatively matching the behavior of 
highly extensible yield-stress fluid consumer products. Schematic relations of the design and 
analysis processes I carried out are shown in Figure 3.13. 
 
Figure 3.13. Schematic relations of design and analysis of materials (adapted from [33] and applied to rheological 
properties). The process presented in this work demonstrates the complementary nature of analysis and design. 
Starting with the observable performance goal (on the right) of yield-stress fluids that are highly extensible 
(Figure 3.1B,C), attempts were made to match this by analyzing and evaluating simple model systems; when this 
failed a new microstructure concept was conceived and formulated (on left, also Figure 3.8), and analyzed for 
validation that the performance goal had been met. Following these principles I have demonstrated the design 
process of a new material that is built upon a strong foundation of analysis. 
 
This work has shown here that the archetypal yield-stress fluids are not acceptable models 
when studying materials where high extensibility is important, and has provided a candidate model 
material for study. However, this work has also shown that the inverse is true: when studying 
applications where a low extensibility is preferred or expected, one may choose from many well-
characterized model materials and need not worry about the physics associated with high 
extensibility. For the high-extensibility materials, new constitutive models are required that 
capture the appropriate physics. In order to satisfy the Considère criterion, a candidate constitutive 




rate dependence [151,152]. As stated when introducing our characterization method, the results 
are dependent on initial geometry and extension rate. Though our initial geometry was chosen to 
have a near-optimal initial aspect ratio, our choice of extension rate was somewhat arbitrary. It has 
yet to be investigated what effect extension rate would have on the materials tested here. 
Shown here are only a few material formulations, and thus the full performance space available 
for our designed system is unknown and is certainly un-optimized — not to mention the plethora 
of un-synthesized or even un-considered materials that may also match the target performance. 
Extremely high extensibility will also not be the intended target performance for different 
applications. For instance, the HexArmor resin (Figure 3.1B) used in printing only reaches a 
moderate extensibility. This work conjectures that the extensibility of this material contributes to 
a smoother extrusion or spraying process, but it is unknown where in the design space would be 
“ideal” for printing. The characterization methodology provides a framework for determining 
areas of the design space that are consistent with ideal performance for applications where it is 
suspected that extensibility plays a role. In Chapter 5 this framework is used to investigate the 








In this chapter, I discuss one of the application-relevant materials presented in Chapter 2 in 
more detail. As briefly introduced, “Mystic Smoke” is a product distributed by Loftus International 
and is available at toy and magic stores (Figure 4.1a). Shown in Figure 4.1d is the fabulous 
functional behavior of Mystic Smoke. Though the material is a viscous liquid that can be spread 
between one’s fingers, rapid separation results in many long thin fibers that are light enough to 
float away if “thrown” with a vigorous hand motion but are stable and do not collapse. This 
behavior of the material lends itself to magical performances, giving a performer/magician the 
capability of producing smoke from one’s hands in conjunction with other effects such as 
disappearing items. 
 
Figure 4.1 a) Retail packaging of Mystic Smoke. b) Extruded Mystic Smoke holding a shape for long times 
(image taken 5 minutes after deposition). c) Mystic Smoke in extension. d) Image sequence of Mystic Smoke 





The measurements performed here show that Mystic Smoke is an apparent yield-stress fluid 
with marvelous if-not-exactly magical behavior. On viewing the behavior of this material, I 
hypothesized that the success of the magical effect relies on the interesting and uncommonly 
studied rheological combination of yield stress behavior (Figure 4.1b) and high extensibility 
(Figure 4.1c). Table 4.1 lists the functional requirements of the material, and how the hypothesized 
properties would contribute to each of these requirements.  
 













Yield Stress  ✓ ✓  ✓ 
shear viscosity 
(post-yield) 
✓  ✓   
Large strain-to-break    ✓  
 
Motivated by a personal interest in performance magic, I performed the characterization 
protocols detailed in Chapter 3 to test whether these properties were in fact present. The 
measurements reported here serve as a useful pedagogical tool. As has been discussed, there are 
myriad uses of yield-stress fluids that are incredibly important and useful. However, in my 
experience of demonstrating rheologically complex materials to non-technical audiences 
(elementary school through undergraduate college students and older), the most easily available 
yield-stress fluids are often perceived as mundane (e.g. hand sanitizer, toothpaste, etc.) compared 
to the other key phenomena of rheology [47]. Demonstrations of the complex rheology of Mystic 







Yield-stress characterization was performed by step-stress creep compliance tests. Velocity-
controlled tests were problematic for this material, which would often exhibit edge fracture and 
evacuate the gap. Shear tests were performed on a TA Instruments DHR-3 rheometer (combined 
motor/transducer) with a 20mm diameter flat plate geometry and temperature-controlled bottom 
Peltier plate. For the creep tests, materials were allowed to reach a steady shear-rate, allowing for 
the determination of steady shear viscosity as a function of the applied stress. The yield-stress in 
this case was taken from within the stress range over which the viscosity declines by over a half-
order of magnitude. 
Extensional rheology was characterized by the filament-stretching protocol introduced in 
Section 3.3. Characterization with filament stretching for the extensional strain-to-break was 
performed on a TA Instruments ARES-G2 rheometer (separated rotational motor/transducer, 
combined axial motor/transducer). For the filament-stretching experiments a parallel-plate 
geometry with a diameter of 8 millimeters and advanced Peltier system bottom plate were used. 
The samples were loaded at a gap of 4 millimeters, resulting in an aspect ratio of 
0 0 0
/ 1H R   . 
Samples were loaded as near to the initial height as possible to minimize compression. Samples 
were not pre-sheared for extensional tests. The maximum gap on the ARES-G2 allowed for a 





was used for all tests. 
The Mystic Smoke was tested as received. I note that the composition of Mystic Smoke is 
largely unknown but labeled non-toxic; the available ingredients list is only given as “waxes, rosin, 








4.3.1 Apparent Yield Stress Behavior 
Shown in Figure 4.2 are the creep compliances of Mystic Smoke at 23 °C (room temperature) 
and 37 °C (body temperature), and the resulting steady shear viscosity as a function of the applied 
stress. At room temperature, at low stresses, the steady shear viscosity is approximately 300,000 
Pa.s (~30,000 times more viscous than honey [153]), and after the yielding region (30 – 300 Pa), 
the material has shear thinned by a factor of approximately 1000, but still has a relatively high 
viscosity of several hundred Pa.s. Though there is a measurable viscosity at stresses below 30 Pa, 
this material can be considered an apparent yield-stress fluid because the pre-yield viscosity is so 
high for practical usage [10] and a relatively large change in viscosity occurs with increasing stress. 
On the other hand, at 37 °C, though I do observe shear-thinning, the low-stress viscosity is only 





Figure 4.2. Shear creep compliance curves of Mystic Smoke at A) 23 °C (room temperature) and B) 37 °C (body 
temperature). Compliance over time at various levels of applied stress (A1 and B1), resulted in steady shear 
viscosity curves (A2 and B2) which show yielding. Mystic Smoke shows apparent yield-stress behavior at 23 °C 
and not at 37 °C. The grey shaded region is bounded by the stresses over which viscosity decreases by over half 
an order of magnitude. Error bars for steady shear viscosity from 3 repeat measurements are smaller than the data 
points. 
 
4.3.2 Extensional Behavior 
Shown in Figure 4.3 is the engineering stress-strain curves from the filament stretching 
characterization where the initial aspect ratio, 0 0 0/ 1H R    for initial gap, 0 4mmH  , and the 
true extensional strain-rate was 
-10.2 s  . From this characterization method I find that Mystic 
Smoke at room temperature can survive extensional engineering strains up to 2000% (true strain 
of ~3), far greater than what is seen in model yield-stress fluids (see Chapter 3). Though this shows 




limit for our filament stretching experimental setup—this strain is far below what is seen in 
application as in Figure 4.1d. 
 
Figure 4.3. Extensional engineering stress curves for Mystic Smoke at 23 °C tested using the ARES-G2 filament 
stretching experimental setup where the initial aspect ratio, 
0 0 0
/ 1H R   . The bold data points are the 
average of three repeated experiments (lightened data points) The vertical dashed line depicts the average strain-
to-break which was found by correlating the extensional stress curves with video images. The width of the shaded 
region depicts the standard deviation in the strain-to-break from repeated experiments A constant true strain-rate 
of 
-1




4.4.1 Filament Formation 
The formation of many small filaments, which is key for the smoke effect, has been observed 
in peeling geometries for adhesives [154,155], and can be attributed to the Saffman-Taylor 
(viscous fingering) instability which has been investigated for yield-stress fluids [7,8,115]. 




Giving a material a yield stress has been found to induce the viscous fingering instability due to 
the additional resistance to inward shear flow. Barral et al. [7] developed a parameter space 
involving shear yield stress and initial geometry that can be used to predict when the flow of a 
yield-stress fluid between two separating plates would be unstable, producing viscous fingering. 
For Figure 4.1d, a volume of 0.2 ml was spread across an area between my thumb and index finger 
of approximately 600 mm2. Assuming a uniform layer thickness, this gives an initial gap of 333 
microns, and a very small initial aspect ratio. This initial geometry and the characterized yield 
stress value for Mystic Smoke falls within the unstable flow regime determined by Barral et al. 
[7], suggesting that the Saffman-Taylor instability is a significant factor in the formation of 
filaments. For cavitation to take place (as with gum in Figure 3.1c) a high stress is required during 
flow (i.e. high post-yield viscosity). Regardless of which of these processes is responsible for the 
filament formation, the presence of a yield stress contributes to their formation in either case. 
Assuming that the small filaments form immediately (i.e. deformation is dominated by extension 
rather than inward shear flow), the final gap shown in Figure 4.1 is approximately 15 cm, which 
equates to a final engineering strain of nearly 45,000% (true strain of ~6). This engineering strain 
during performance is over twenty times what is observed in the filament stretching setup. 
Although the true strain is only larger by a factor of two, this difference still deserves discussion. 
This value of rupture strain in application serves as an upper bound estimate since some initial 
shear flow must occur, and thus the local aspect ratio at the filament location will be closer to 1. 
Despite the large difference, one can rationalize the much larger strain-to-break in performance 
compared to the rheological characterization as being due to the vastly different extensional strain-
rates. In our experimental setup I am limited to an extension rate of 0.2 s-1, whereas in application 




extension process depicted in 4.1d took place over approximately 100 ms. Assuming a constant 
speed of separation and the previously assumed final and initial gaps of 15 cm and 333 microns, 
respectively, this gives an initial extensional strain rate of 4500 s-1. Though experimentally we are 
unable to access rates faster than 0.2 s-1, we have no issues going slower. Shown in Figure 4.4 is a 
comparison of the extensional rupture behavior of Mystic Smoke at extensional strain rates of 
 0.02 s
-1 and 0.2 s-1 ( 0 1   for both). At 0.02 s
-1 the rupture strain is much lower at 480%. Thus, 
one can expect for this material that as the rate of extension increases, the value of strain-to-break 
will increase. This rationalizes the much larger rupture strain seen in application since the 
estimated maximum application strain rate is over 20,000 times higher. 
 
Figure 4.4 Extensional behavior of Mystic Smoke at different extensional strain rates. Images taken 
just after rupture. The extensional failure strain increases with strain rate. 
 
4.4.2 Filament Shape Retention 
For a yield-stress fluid in a cylindrical shape with radius R, one expects that it will be stable 








    (4.1) 
where I will approximate the surface tension, γ, as 20 mN/m—the surface tension of silicone oil 
in air [156]. We can treat this as a rheological criterion to sustain a filament of radius R.  If one 
takes the yield stress, 
Y , as 300 Pa—the high end of the yielding region—then the critical radius 
is approximately 65 microns. This compares well with the filaments shown in Figure 4.1d, which 
are approximately 150 microns in diameter and do not break-up into droplets. Thus, the shear 
rheological characterization is consistent with the hypothesis of yield stress behavior stabilizing 
the filaments. 
 
4.5 Conclusions and Outlook 
We have demonstrated that Mystic Smoke is a highly extensible yield-stress fluid. The 
rheological properties characterized are consistent with what is seen in application and contribute 
towards producing the “magical” effect. As a non-toxic, readily available material, it is a highly 
entertaining and novel demonstration of apparent yield-stress fluid behavior coupled with high 
extensibility. Possible future studies of this material include characterization of the extensional 
viscosity at more relevant extension rates. It is possible that capillary breakup extensional 
rheometery (CaBER) technologies may approach the extension rates seen in application [157,158]. 
To test whether the properties characterized here are sufficient, and what other property targets 
might be necessary for the full performance, model highly extensible yield-stress fluids with 
comparable yield stresses and extensional failure strains but with other differing properties (e.g. 




In the next chapter, I will discuss how the combination of apparent yield-stress behavior and 
high extensibility is also relevant for direct-write 3D printing. Furthermore, the behavior of Mystic 
Smoke inspires a novel method for the production of extremely thin structures via the rapid 
extension of yield-stress materials that are highly-extensible. I conjecture that a precisely 
engineered surface similar to that presented by Islam & Gandhi for controlling the shape of a 
Saffman-Taylor instability [159] would provide locations where filaments would preferentially 
form, allowing for control of the filament size and spacing. Techniques similar to the rapid 
extension of Mystic Smoke have been shown to have applications in 3D printing [160]. This 
technique could potentially be applied to some frontally polymerizable materials [161]. 
Preliminary work with frontally polymerizable materials, in collaboration with the Autonomic 
Materials Systems group at the University of Illinois at Urbana-Champaign, has shown that their 
materials can indeed be highly-extensible yield-stress fluids. 
 
 
* Portions of this chapter appeared in the following Ph.D. thesis: 
B.M. Rauzan, 2017 “Characterize the molecular dynamics of materials for 4D printing,” Ph.D. thesis, University of 
Illinois, Champaign, IL. 
and as the following peer-reviewed publication (re-used with permission): 
Rauzan, B. M. ≠, Nelson, A. Z. ≠, Lehman, S. E., Ewoldt, R. H. & Nuzzo, R. G. Particle-Free Emulsions for 3D 
Printing Elastomers. Adv. Funct. Mater. 1707032 (2018). doi:10.1002/adfm.201707032 








In this chapter, we make use of the design methods presented in Chapter 2, as well as the 
characterization protocols for extensible yield-stress fluids presented in Chapter 3, and apply them 
to a particular application, 3D printing. This work was done in collaboration with Dr. Brittany 
Rauzan, Dr. Sean Lehman, and Professor Ralph Nuzzo in the Department of Chemistry at the 
University of Illinois. My general responsibilities on this work were the design and formulation of 
a model 3D printing ink, rheological characterization, and microstructure imaging. My 
collaborators were responsible for 3D printing, post-3D printing transformation processes and the 
characterization associated with those stages including thermogravimetric analysis, Fourier 
transform infrared spectroscopy, and gel permeation chromatography measurements. 
3D printing is a rapidly expanding field due to the ability to fabricate customizable structures 
with applications for actuators [162], soft robotics [163], tissue engineering [164], and 
electronics[165]. The majority of commercial 3D printing systems currently available to fabricate 
items for these industries are limited to using either metal, ceramics, or thermoplastics. This 
restricted material set limits widespread adoption and use of 3D printing to generate customizable 




pneumatic extrusion are a nascent material class that is being explored to address the growing need 
for new inks for 3D printing.   
The reported challenges in developing yield-stress fluid inks are to allow for the ability to both 
build structures and print small diameter filaments (l00 μm or smaller) with high shape-retention. 
A large variety of yield-stress fluids have been studied for use as inks for 3D and 4D printing 
(Figure 5.1a)[166–177]. As introduced in Section 2.4.1, these materials may be organized 
according to the employed design strategy and microstructural mechanism by which the yield-
stress occurs (e.g. particulate gels, polymer gel, jammed suspensions, emulsions, foam, etc.) While 
the range of reported yield stresses is very large (1 to over 1000 Pa), the resolution for the smallest 
reported nozzle diameter is approximately 10 to 30 μm. It has been noted that for applications that 
are limited by diffusion kinetics (e.g. biological [178,179], actuation [162], etc.), smaller filament 
diameters are required for the necessary mass-transport properties. 
In most inks systems, reducing the filament diameter is only possible through decreasing the 
diameter of the nozzle used for printing. A major challenge in reducing the nozzle diameter is 
microstructural jamming through the tip. It has been shown that even with particles on the order 
of nanometers in diameter, large aggregates can form and result in clogging of the tip, with the 
additional complication of material drying at the tip [174]. A possible approach to overcome this 
might be to reduce the loading/density of the material microstructure, however this comes at the 
cost of a reduced yield stress [177]. A previous attempt at this approach has resulted in materials 
that have too low of a yield stress or modulus to build large, open, self-supporting (i.e. gap-
spanning) structures [180]. This trade-off creates a limitation on the types of 3D structures that 




Extensible particle free-emulsions, which have not been previously studied as direct-write 3D 
printing materials, are here explored as an alternative yield-stress fluid to particle-stabilized or 
polymer-based gels. The dispersed phase of these emulsions act as pseudo-particles that jam 
against each other in order to support a static load (Figure 5.1b). However, unlike hard colloidal 
nanoparticles, the emulsified droplets are able to deform to the shape of the tip and, if necessary, 
split to continue printing [181]. The importance of extensional rheology has been established for 
extrusion processes such as injection molding and film formation [134], but has not been 
investigated for direct-write 3D printing. It has been conjectured that a higher extensibility would 
stabilize a filament during extrusion, improving printing performance [119]. The ability to both 
deform/conform to the restrictions of the tip geometry and diameter and exhibit high extensibility 




          
Figure 5.1. a. Minimum reported tip diameter as a function of yield stress for 3D printing yield stress fluids 
organized by microstructure and yield-stress mechanism (attraction-particulate gel, attraction-polymer gel, 
repulsion-jammed suspension, repulsion-emulsion, repulsion-foam, [6] and PEO emulsion [reported in this work] 
b. transmitted brightfield microscopy of 8M PEO emulsion with Congo Red, scale bar 50 μm, c. macro 
fluorescence image of serpentine pattern of 8M PEO emulsion with Rhodamine 6G printed with 100 μm diameter 
tip at 1 mm/s, scale bar 1 mm, d. fluorescence microscopy of serpentine pattern of 8M PEO emulsion with Congo 
Red printed with 100 μm diameter tip at 1 mm/s, scale bar 50 μm, e. fluorescence microscopy of serpentine 
pattern of 8M PEO with Congo Red emulsion printed with 1 μm diameter tip at 1 mm/s, scale bar 100 μm, inset 
macro fluorescence image of serpentine pattern of 8M PEO emulsion with Rhodamine 6G printed with 1 μm 
diameter tip at 1 mm/s, scale bar 1 mm, f. fluorescence microscopy of line pattern of 8M PEO emulsion with 





In this work, we examined the fabrication of particle-free silicone oil-in-water emulsions with 
a polymer additive, poly (ethylene oxide) (PEO), to form elastomeric structures. We used a 
printing-centric approach addressing three key areas of 3D printing performance (filament 
diameter, nozzle movement rate, and gap spanning). The molecular weight of PEO was varied to 
understand the relationship between microstructure, critical rheological properties (shear flow 
properties and extensibility, which as discussed in Section 3.2 has previously been limited to low-
extensibility yield-stress fluids), and printing performance. Post-printing chemical and thermal 
annealing was performed on the particle-free emulsions to prepare elastomers, which have new 
properties including mechanical buckling, and recovery from extreme compressive strain, which 
is not innate to the initial particle-free emulsions. 
 
5.2 Results and Discussion 
Particle-free emulsions are examined as an alternative microstructure for 3D printing inks to 
fabricate 3D structures and intricate small diameter filament patterns. In contrast to many of the 
reported inks in the literature, this novel material does not require incorporation of particles to 
achieve a sufficient yield stress for building (Figure 5.1a). The yield stress (approximately 200 Pa 
in shear) is achieved with a microstructure that allows for extrusion of the material through a 1 μm 
diameter tip. 
 5.2.1 Fabrication of Particle-Free Emulsions and 3D Printed Filament Resolution 
The emulsion was prepared as a stock particle-free silicone oil-in-water emulsion using 
sodium dodecyl sulfate (SDS) as a surfactant. The advantage of using a stock particle-free 
emulsion was that it provided a simple method for using a printing-centric approach to understand 




material. PEO of different average molecular weights ranging from 400 K – 8 M g/mol (0.4 – 8 
M) was incorporated into the stock-emulsions such that the final overall weight percent for all 
molecular weights is 0.1 wt% PEO. Transmitted brightfield microscopy of the 8M PEO emulsion 
with the aqueous phase dyed with Congo Red (Figure 5.1b) showed a homogeneous emulsion with 
the dispersed phase of silicone oil droplets on the order of 10 μm in diameter.  
PEO has been shown to form a complex with SDS micelles in surfactant solutions[182]. 
Dynamic light scattering and zeta potential measurements of aqueous solutions of SDS and 8M 
PEO at the concentrations used in the emulsions were examined to determine interactions between 
the surfactant and polymer additive in the emulsion materials and are given in Appendix C. The 
hydrodynamic diameter for both SDS and SDS with 8M PEO are polydisperse with the majority 
of micelles for SDS approximately 1 nm and SDS with 8M PEO ranging between 10-100 nm. The 
increase in hydrodynamic diameter was expected due to the interaction between SDS and PEO 
and formation of micelles, which is further confirmed by a decrease in the zeta potential for the 
SDS with 8M PEO solution. The addition of PEO is proposed to interact with the electrical double 
layer present at the surface of the oil droplets in a way that does not disrupt the native 
microstructure of the emulsion. 
The emulsion enables 3D printing to fabricate intricate patterns using multiple tip 
diameters. A fluorescence image of a serpentine pattern printed with an 8M PEO emulsion dyed 
with Rhodamine 6G is shown in Figure 5.1c using a 100 μm diameter tip. The material displays 
excellent filament shape retention and was stable under normal conditions without filament 
distortion (dehydration or cracking). There was no apparent disruption to the microstructure of the 
emulsion evident when the serpentine pattern dyed with Congo Red was examined using 




emulsion was able to be extruded through a 1 μm diameter tip [181], which is not possible with 
commonly used inks due to the microstructure jamming. Using the same serpentine pattern (Figure 
5.1e inset), the emulsion was printed using a 1μm diameter tip; both macroscopic (dyed with 
Rhodamine 6G) and microscopic (dyed with Congo Red) fluorescence images are shown in Figure 
5.1e. In comparison to the sample printed with a 100 μm diameter tip, the reduction in the tip 
diameter and corresponding filament diameter allowed for improved resolution of the features of 
the pattern as seen in the ability to resolve precise curvature of the pattern (Figure 5.1e), whereas 
the resolution of the curvature is compromised when the pattern is printed with a larger (100 μm) 
tip (Figure 5.1c). The ability to access smaller tip diameters as seen in the contrast between images 
is highly significant in expanding the capabilities to pattern intricate, complex patterns using 3D 
printing. It is also noted that reduction in filament diameter is not solely limited to reduction in 
nozzle size, but also can be accomplished through modification of nozzle movement rate. By 
increasing the nozzle movement rate to 20 mm/s and using the same conditions with a 1 μm tip 
used in Figure 5.1e, the filament diameter was reduced to approximately 6 μm. The ability to use 
nozzle movement rate as an alternative method to regulate filament diameter will be discussed 
later.  
At low nozzle movement rates (around 1 mm/s), die swell was observed, where the size of 
the extruded filament is greater than the diameter of the nozzle. The filaments printed through the 
100 μm tip can swell to as large as 200 μm in diameter, while the filaments printed through the 1 
μm diameter tip can swell to as large as 40 μm in diameter. The impacts of die swell can be 
mitigated by increasing the nozzle movement rate. Increasing the linear motion nozzle movement 
rate (20 mm/s) while maintaining the same tip and pressure conditions used in Figure 5.1e, the 




presence of die swell in the filament, the smallest tip diameter this material may be extruded 
through and the final filament diameter are well below the limits seen with other yield-stress inks 
reported in the literature (Figure 5.1a) [166–177]. We emphasize that Figure 5.1a summarizes the 
reported minimum tip diameter of the cited works, and thus effects such as die swell in the filament 
are not accounted for. The 3D printing performance of these novel emulsions warranted careful 
examination of the relationship between microstructure, rheological properties, and printing 
performance.  
 
 5.2.2 Rheological Properties Enable 3D Printed Structures 
The rheological properties of the emulsion and the impact of the PEO and its molecular weight 
were examined to explore the relationships that exist between rheology and printing performance. 
The specific performance criteria examined in this work were filament resolution, maximum 





Figure 5.2. a. Storage modulus (G') and loss modulus (G") as a function of oscillation stress, error bars are from 
repeat measurements, No PEO (black), 400 K PEO (red), 600 K PEO (orange), 900 K PEO (green), 1 M PEO 
(blue), 4 M PEO (purple), 5 M PEO (pink), 8 M PEO (gray), (a)-(c) are same, b. shear stress as a function of 
shear rate, c. average pressure drop at the piston of syringe for extrusion at 1 mm/s as a function of tip diameter, 
d. polarized FTIR of filament extruded at 1 mm/s from tip diameter of 100 μm (red) and 1 μm (blue), 
fluorescence microscopy of line pattern of 8M PEO emulsion with Congo Red extruded at 1 mm/s from tip 















































































Shear flow properties of the emulsions were studied using bulk rheology. For the emulsion 
without PEO, the stock emulsion was diluted such that the fraction of oil to water was held constant 
for all samples.  To within the reproducibility of characterization, there was no effect on the storage 
modulus (G') or loss modulus (G") of the material due to changing the molecular weight of the 
PEO (Figure 5.2a). Trends in the average linear viscoelastic moduli were non-monotonic with the 
molecular weight of PEO, indicating that no clear functional dependency exists between these 
parameters. Steady shear flow behavior also was not significantly affected by the molecular weight 
of the PEO (Figure 5.2b), to within the range of the statistical significance of the measurements. 
At low applied shear-rates, the measured stresses approach a plateau, characteristic of the extreme 
shear-thinning of apparent yield-stress fluids (Appendix C).  The addition of polymer additives to 
particle-stabilized emulsions has been shown to result in changes to the shear flow properties, 
requiring optimization of the material for each polymer additive to restore the initial rheological 
properties [173]. Such impacts were notably absent in the current ink system, where (as we will 
show) the addition of the polymer additive provides a method to systematically vary only the 
extensional rheological properties and their consequent impact on 3D printing performance. 
 Tip flow properties were studied to determine how the polymer additive impacts the 
printing performance of the emulsion. To do so, the pressure drop at the piston of the syringe (Pflow) 
was determined during the pneumatic extrusion of a filament at a velocity of 1 mm/s at the given 
diameter of the nozzle (Figure 5.2c).  Given that the pressure drop was independent of the amount 
of material in the syringe, we assume that the pressure drop at the piston of the syringe (Pflow) is 
approximately the same as that at the tip of the nozzle (Ptip).  The incorporation of PEO and 
increasing molecular weight of polymer (i.e. more extensible emulsion) did not hinder flow 




printing of material through two different tip diameters was examined using polarization-
dependent FTIR spectroscopy measurements to determine differences in birefringence that might 
be present in the extruded filaments. The filament extruded from a 100 μm diameter tip was 
birefringent (Figure 5.2d), whereas the filament from a 1 μm diameter tip was not. The noted 
differences in optical properties are believed to be due to alignment of PEO domains due to tip 
confinement, and were further examined by fluorescence microscopy using filaments dyed with 
Congo Red. The material from the 100 μm diameter tip resembles the bulk 8M PEO material 
(Figure 5.2e) and no difference was observed in microstructure for filaments extruded at this tip 
diameter without PEO (Appendix C). In contrast, the 8M PEO material from the 1 μm diameter 
tip contains stripes, which are believed to be aqueous channels that extend continuously throughout 
the sample (Figure 5.2f). These channels are not present in the emulsion formed without PEO 
(Appendix C). As the molecular weight of PEO increased, the longer chains result in a higher 
extensibility of the material, an effect made visible as the drawing of thin filaments.  
 Following the protocol for measuring extensibility presented in Section 3.3, results from 
Filament Stretching Extensional Rheology measurements, (FiSER), at constant deformation rate 
(𝜀̇ = 0.2 s-1) are shown in Figure 5.3a. The presence and variations in the molecular weight of PEO 
did not cause any measurable differences in the extensional stress in the emulsion. Due to visual 
observations of thin filaments of material forming for high molecular weights of PEO, a very 
minute difference in the force response would be present at high strains.  This was, however, below 
the force measurement resolution of our experimental setup. Although there was no measurable 
difference in extensional stress, changes made in the molecular weight of the PEO and tip diameter 
do affect the ability of the emulsion to span a gap when printed (Figure 5.3b). Maximum gap 




to span without visual distortion (thinning) or sagging of the filament (Appendix C). High nozzle 
movement rate are desirable in general, and are more convenient for the assessment of gap-
spanning properties. Thus, the linear motion nozzle movement rate was adjusted to 10 mm/s.  
 Gap-spanning properties were evaluated at a range of nozzle diameters (100 μm – 330 μm). 
For tip diameters less than or equal to 200 μm, all of the emulsions were able to span a gap of 10 
mm and there was minimal difference between all of the emulsions to gap span 10 mm with a 250 
μm diameter tip (Figure 5.3b). Since the viscoelastic moduli and shear yield stress of the emulsions 
are comparable, it is not surprising that there was minimal difference in performance at these tip 
diameters. The gap-spanning filaments were stable for greater than one month without any 
observed sagging or distortion. The ability to form intricate tubes interconnected with suspended 
filaments is highlighted in Figure 5.3c. Two noticeable features of the gap-spanning properties are: 
1) the ability to fabricate a flying buttress-like structure with a filament that spans from a high 
point (structure) to a low point (substrate); and 2) an ability for gap-spanning filaments to support 
a second filament printed across to form a cross in the center of each tube. As noted with the 
spanning filaments, the tubes are also stable for greater than one month without observed distortion 
to the structure. A more apparent difference in the ability to span gaps occurs when using a 330 
μm diameter tip. With this tip diameter, only 4M, 5M, and 8M molecular weight PEO are able to 
span gap distances greater than 6 mm. Since these materials are not distinguishable from the lower 
molecular weight materials in terms of shear rheological properties, there must be a component of 
the extensional behavior that allows for molecular chain elongation and reinforcement of the 






Figure 5.3. a. Extensional filament stretching, error bars are from repeat measurements, No PEO (black), 400 K 
PEO (red), 600 K PEO (orange), 900 K PEO (green), 1 M PEO (blue),  4 M PEO (purple), 5 M PEO (pink), 8 M 
PEO (gray), same for (a)-(b), b. gap spanned as a function of tip size, inset shows gap spanned as a function of 
molecular weight of PEO for the largest diameter tip with error bars omitted in inset for clarity, c. macro image of 
tubes interconnected with suspended filaments of 8M PEO emulsion printed with 100 μm diameter tip and 





Extensional failure strain was the final rheological property examined to understand the role 
of extensional rheology in printing performance. The percent strain-to-break for the emulsions was 
measured as a function of the molecular weight of the PEO (Figure 5.3c). Emulsions with 
extensional failure strain greater than or equal to 500% correlate directly with gap-spanning 
capabilities seen at large tip diameters.  
Increased extensibility creates an interplay between pneumatic and drag extrusion of the inks. 
For most inks, increasing the nozzle movement rate for a structure requires an increase in the 
pressure applied to maintain a constant flow of material through the tip. Highly-extensible 
materials maintain a tensile stress that increases with nozzle movement rate to supplement the 
pressure-driven flow. This allows nozzle movement rate to be used to regulate filament diameter 





Figure 5.4. a. Extensional strain-to-break (%) as a function of molecular weight of PEO, b. maximum nozzle 
movement rate for continuous extrusion (green symbol) of filament as a function of molecular weight of PEO, see 
Supplemental Information for images of discontinuous extrusion (red symbol), c. macro images at maximum 
filament extension with increasing molecular weight of PEO, the diameter of the upper geometry is 8 mm in all 
images, d. fluorescence microscopy of line pattern of 8M PEO emulsion with Congo Red printed with 100 μm 
diameter tip at 1 mm/s, 10 mm/s, and 20 mm/s (open data points in b.), scale bar 100 μm, inset macro 
fluorescence image of line patterns, scale bar 1 mm. 
 
The maximum nozzle movement rate of each emulsion was determined at the pressure that 
produces a linear rate of 1 mm/s through a 100 μm diameter tip. For each sample, maximum nozzle 
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movement rate was determined by the rate at which the material can be extruded continuously to 
complete a defined line pattern. The emulsions with extensional failure strains of 500% or greater 
are able to print continuous filaments at 20 mm/s (Figure 5.4c and SI Video 3).  In contrast, 
samples with low extensional failure strain, such as the emulsion without PEO, are not able to print 
at these high nozzle movement rates. When low extensibility materials are printed, instead of 
continuous filaments, elongated discrete dots of material are formed, with the spacing between the 
dots dependent on the nozzle movement rate (Appendix C). Printing materials with high 
extensional failure strain, such as the 8M PEO emulsion shown in Figure 5.4d, results in the ability 
to decrease filament diameter by counteracting die swell. The high extensibility of the material 
allows for fast novel movement rates to be used to draw filaments of the material when printing. 
The ability to use extensional failure strain to moderate die swell behavior is a novel approach, 
which can easily be applied in general to the 3D printing other inks by incorporating additives, 
such as high molecular weight PEO. When the PEO emulsion was printed at a rate of 1 mm/s using 
a 100 μm diameter tip, the diameter of the filament is approximately 180 μm. Increasing the nozzle 
movement rate to 20 mm/s produces a filament that is 100 μm in width, the same diameter as the 
tip.  While the maximum nozzle movement rate for our printer setup was limited to 20 mm/s, we 
expect the high extensibility of these materials would enable printing of filaments that are smaller 
than the tip diameter if higher nozzle movement rates are accessible. This provides an opportunity 
for greater control over filament diameter by using nozzle diameter coupled with nozzle movement 
rate to fine tune filament diameter and access small diameter filaments without the limitation of 







Figure 5.5. a. Two-step preparation process, chemical and thermal anneal, of elastomer from printed particle-free 
emulsion, b. FTIR of printed particle-free emulsion as printed (green), after chemical anneal (red), after annealing 
at 80oC for 30 min (blue), after annealing at 80oC for 30 min and 150oC for 1 h (pink), c. TGA of particle-free 
emulsion (green), after chemical anneal (red), after chemical and thermal anneal (purple), d. SEM and EDX of 





5.2.3 Synthesis of 3D Printed Mechanically Robust Elastomers 
3D printing emulsions open the possibility for post-transformation chemistry to introduce new 
properties and/or structures into the printed structures that are not innate to the native material. 
Due to the high stability of the structures, no observed distortion of the 3D structure after one 
month, the structures do not have to undergo post-transformation chemistry immediately to ensure 
retention of the intricate 3D printed geometries.  
We present a two-step approach, chemical annealing followed by thermal annealing (Figure 
5.5a), to convert the emulsion into an elastomer that is stable in solvent (organic and aqueous) and 
mechanically tough and resilient, two properties not native to the emulsions directly after printing.  
For this conversion of emulsion to an elastomer, we took advantage of the water in the 
continuous phase of the printed structure to react with gaseous silicon tetrachloride, which 
generates a thin silica shell on the exterior of the structure. This silica shell provides only a minimal 
enhancement of mechanical stability, and the structure was able to be easily compressed. Doing 
so between ZnSe plates for FTIR studies, we found that there is only a slight peak shape change 
seen in the Si-O-Si (1000 cm-1 to 1100 cm-1) region after chemical annealing (Figure 5.5b), which 
is attributed to the formation of silica. The peak shape for the Si-O-Si region remains broad, which 
resembles what would be expected for stretching vibrations for a predominantly silicone 
composition and not silica [183]. This further confirms that the silica formed during chemical 
annealing is only a thin shell. As an additional control, after chemical annealing but before thermal 
annealing, the sample is irreversibly compressed when 50g weight is applied to the glass coverslip 




Thermogravimetric analysis of the emulsion and chemical annealed emulsion also confirms 
formation of silica as evidenced by the residual mass for the sample that had been chemically 
treated. This is compared to the initial emulsion in which total mass loss is observed only once the 
temperature exceeds approximately 600 °C. The mass loss from 0 oC to 200 oC is attributed to 
water and out-gassing of the material (as has been reported previously in the literature [184]).  
The chemically annealed emulsion structures can be subsequently transformed via thermal 
processing. To do so, the structures bearing a thin silica shell were thermally annealed through a 
multi-step temperature ramp from room temperature to 292 °C. This treatment leads to the thermal 
polymerization of the silicone oil used to formulate the ink emulsion. This silicone oil, used 
unmodified from Sigma Aldrich source, is polydisperse (GPC analysis (THF) Mw =37.98 kDa, 
PDI = 1.56; Mw = 1.31 kDa, PDI = 1.02; Mw = 0.83 kDa, PDI 1.01, Appendix C) and contains 
trace amounts of copper as evidenced by XRF, as well as silicon hydride (peak at 2050 cm-1)[185] 
and silicon hydroxide (peaks at 3600-3800 cm-1)[186] moieties as evidenced by FTIR (Appendix 
C). The trace amounts of copper are believed to be a residual impurity resulting from the process 
used in the production of the silicone oil [187]. Since the silicone oil contains reactive functional 
groups (hydride and hydroxide), the presence of the copper leads to a thermally activated one-part 
condensation silicone cure to form an elastomer (a property also seen in control experiments using 
only bulk samples of the silicone oil). 
The silica shell is crucial to provide mechanical stability to the structure during the thermal 
annealling process. Without the silica shell, the structure collapsed and results in a polymerized 
silicone without shape retention. FTIR of the samples, performed during the first and second 
temperature ramp, showed no major chemical changes occur as compared to the chemical annealed 




able to recover from significant degrees of deformation (see below). Taken together, the data 
suggest that the two-stage temperature ramp of the thermal annealing cycle leads to the evolution 
of residual water from the structure and coalescing of the dispersed phase, the silicone oil, to form 
a continuous silicone matrix encapsulated in silica. How the low wt% of SDS and PEO that remain 
are dispersed in the final silicone structure is not fully understood based on the data currently 
available. We simply note that their presence seems to have little impact on the mechanical 
properties of the final structures, a point discussed in greater detail in the section that follows.  
After the final thermal annealing step, the resulting material was an elastomer that was stable 
when exposed to both organic and aqueous solvents, a property not native to the emulsion. 
Thermogravimetric analysis of the elastomer showed increased thermal stability with minimal 
mass loss at temperatures less than 380 oC (Figure 5.5c). This is comparable to reports in the 
literature, which show the onset of thermal breakdown of PDMS to be around 350 °C [184]. 
Polymerization of the dispersed silicone oil through thermal annealing is further confirmed by 
SEM/EDX (Figure 5.5d) showing a smooth continuous surface composed of silicon and carbon. 
The ability to introduce enhanced mechanical stability to the structure in response to an 
external force is critical for the structure to robustly perform in a multitude of applications such as 
might be required for a soft actuator. The modification of the mechanical performance of the 
structure through post-printing transformation also highlights the fundamental principles and 
novelty of 3D printing to transform a 3D printed structure. The Young’s modulus of the thermal 
annealed sample was measured and fit using the Oliver and Pharr model (Figure 5.6a). The 
Young’s modulus of the material is 1.1 + 0.4 MPa, which is comparable to the elastic modulus of 
PDMS (0.57 MPa – 3.7 MPa)[188] and a factor of up to 500 times greater than the linear 




and processed tubes interconnected with suspended filaments were able to support a glass coverslip 
with a 10g weight without any visible deformation (Figure 5.6b and SI Video 4). Further, the 
material exhibits reversible extreme buckling and elastic recovery (recovers εtrue ~ -1.6) compared 
to the printed emulsion which plastically flows at a yield strain γy ~ 0.3 (Appendix C). The ability 
for the sample to undergo extreme buckling and compressive strain from a 50g weight with a full 
recovery is shown in Figure 5.6c. The drastic modification and enhancement to the mechanical 
properties of the material is due to the thermal polymerization of the dispersed silicone phase of 





Figure 5.6. a. Force curve of thermally annealed particle-free emulsion obtained using a nanoindenter on the edge 
of a thermally annealed tube, macro image of tubes interconnected with suspended filaments of thermally 
annealed 8M PEO emulsion with Rhodamine 6G, scale bar 5 mm b. with glass cover slip, c. with glass cover slip 





5.3 Conclusions and Outlook 
Particle-free emulsions with poly (ethylene oxide) were developed as an alternative ink for the 
production of elastomeric structures. Due to the ease of deformation of the silicone oil in the 
dispersed phase the material was able to be extruded through a 1 μm diameter tip to create intricate 
patterns. The shear flow properties were not significantly affected by the presence or molecular 
weight of the poly (ethylene oxide). Increasing the molecular weight of poly (ethylene oxide) 
drastically changes the extensibility of the material. Emulsions with extensional failure strain of 
500% or greater allow for gap spanning and increased rate of printing to both reduce die swell and 
control filament diameter size. Post-printing transformation through a two-step annealing process, 
chemical and thermal, allows for fabrication of 3D printed elastomers. The elastomer was able to 
buckle and recover from extreme compression strain (compress to approximately 20% original 
height of structure) with no observable damage to the structure.  
The primary innovation of this work is the introduction of particle-free emulsions as a novel 
and exemplary class of yield-stress fluids for direct-write 3D printing at previously unachievably 
small filament diameters and with excellent shape retention. Though the properties of the new 
material system are sufficient for printing 3D structures, as demonstrated in Section 5.2.3, post-
printing transformations are necessary to improve the material properties to be more broadly useful 
as engineering materials. Possible future directions of this work include both optimizing properties 
for printability and developing additional strategies to transform and improve the properties after 
printing. Other direct-write emulsion materials achieve superior properties through the 
incorporation of nanoparticles [173,189], however this compromises the ability for the material to 




photocrosslinkable material, poly(2-hydroxyethyl) methacrylate, in the continuous aqueous phase 
of the presented emulsion, demonstrating an alternative method for post-printing toughening. 
5.4 Materials and Methods 
Materials:  
Sodium dodecyl sulfate (SDS), silicone oil with a viscosity of 1000 cSt (at 25 °C), poly 
(ethylene oxide) (average Mv 400,000, 600,000, ~900,000, ~1,000,000, ~4,000,000, ~8,000,000 
powder), Congo Red, Rhodamine 6G, methylene blue (1.5 g/ 100 mL), silicone tetrachloride 
(99%), hexanes (ACS Reagent grade), 200 proof ethyl alcohol, and isopropyl alcohol (ACS 
Reagent grade) were purchased from Sigma-Aldrich and used without modification. 
Methods: 
Particle-Free Stock Emulsion: 
Silicone oil was homogenized with a mixture of SDS in deionized water to produce the stock 
oil-in-water emulsions. The overall weight-percentages for the stock emulsions were 90 wt% oil, 
3.34 wt% SDS, 6.66 wt% water. All components were added to a beaker and homogenized at 5000 
rpm for 5 minutes using an IKA T-18 homogenizer with an S18N-19G dispersing element 
attachment. 
Particle-Free Emulsion with Poly (ethylene oxide) Inks: 
Poly (ethylene oxide) solutions of each Mv were prepared by dispersing the appropriate powder 
in a small amount of ethyl alcohol (co-solvent) at 30 °C and 200 rpm using a magnetic stirrer; 
deionized water was then quickly added to result in 1 wt% PEO solutions. Using measurements of 
intrinsic viscosity for PEO solutions reported by Kawaguchi et al. in dL/g [190], the overlap 
concentration (c*) was estimated as the inverse of the intrinsic viscosity assuming a density for 




solutions was from 0.04 to 20. Each ink was produced by hand-mixing the stock emulsion and a 
PEO solution in a 9-to-1 weight ratio. A 0 wt% PEO (deionized water only) ink was produced as 
a control material. For imaging, PEO solutions were prepared with Congo red (0.6 wt%), 
Rhodamine 6G (0.09 wt%), or methylene blue (0.1 wt%). All inks were centrifuged at 3000 rpm 
for 5 minutes using a Thermo Scientific CL2 centrifuge before use or characterization. 
Rheological characterization: 
Shear Rheology: 
Rheological characterization of steady flow and linear viscoelastic properties was performed 
on rotational rheometers (combined motor/transducer instruments, TA Instruments DHR-3 or AR-
G2) using a parallel-plate geometry with a diameter of 20 millimeters and Peltier temperature 
control. Adhesive-backed 600 grit silicon carbide sandpaper was used to prevent slip. Materials 
were tested at multiple gaps to verify the absence of slip [22]. During characterization, the gap was 
continuously varied to maintain a normal force of 0+0.1N and avoid edge fracture. For steady flow 
behavior, a range of shear rates were applied from low-to-high and the apparent steady stress was 
recorded. This data was fit to the Herschel-Bulkley model to obtain a yield stress value of 
approximately 200Pa. For linear viscoelasticity, an increasing oscillatory strain amplitude was 
applied at a frequency of 10 rad/s until failure of the material. Little frequency dependence was 
observed for any of the materials across the range of 0.1 to 30 rad/s. All experiments were 
performed at 25 °C and replicated thrice to obtain error bars.  
Extensional Rheology: 
Characterization for force-extension behavior and extensional strain-to-break were performed 
using a filament-stretching mode on a TA Instruments ARES-G2 rheometer (separated rotational 




parallel-plate geometry with a radius of R0 = 4 millimeters and advanced Peltier system bottom 
plate were used. The samples were loaded at a gap of H0 = 4 millimeters, resulting in an aspect 
ratio of . A constant true strain rate, 𝜀̇ = 0.2 s-1, was applied and engineering stress 
was recorded. Videos were taken during all extensional tests, and images were correlated with the 
measured load and displacement to determine the extensional strain-to-break. All experiments 
were performed at 25 °C and replicated thrice to obtain error bars. 
3D Printing: 
A custom-built 3D printer consisting of a pneumatic extruder (Ultimus V and HPx High-
Pressure Dispensing Tool, Nordson EFD) mounted to a X, Y, Z motion controller (AGS-1000, 
Aerotech Inc., Pittsburgh, PA) was used. All inks were loaded into syringes with either stainless 
steel, straight tip (tip diameter range of 330-100 μm, Nordson EFD) or glass capillary, tapered tip 
(1 μm, World Precision Instruments, LLC) and the syringes were loaded into the pneumatic 
extruder. Structures were printed on either glass slides or cover slips.  
Pressure Drop: 
For each stainless steel, straight tip diameter, pressure was applied to the system for 10 s using 
the pneumatic extruder from the 3D printer described previously. If no extrusion of material was 
observed, the pressure was increased by 0.1 psi. The pressure (Pflow) was increased until sufficient 
pressure was applied for extrusion of a filament of the material with the diameter of the tip at a 
linear flow rate of 1 mm/s.  The measured pressure (Pflow) was measured as the pressure drop at 
the syringe piston and assumed to be the same pressure at the entrance to the nozzle (Ptip). 
Nozzle Movement Rate: 
A stainless steel, straight tip (100 μm diameter) was used to determine the maximum nozzle 











applied to the syringe was the pressure determined during the Pressure Drop (see prior 
experimental methods) for extruding the ink from a 100 μm diameter tip at a linear flow rate of 1 
mm/s. The nozzle movement rate was increased in 1 mm/s increments to a maximum of 20 mm/s 
to determine the maximum nozzle movement rate.  
Gap Spanning: 
For each stainless steel, straight tip diameter, pressure (5x pressure determined for a linear flow 
rate of 1 mm/s) was applied to the system and the material was extruded across a template with 
different gap sizes ranging from 0.25-10 mm at a nozzle movement rate of 10 mm/s. The material 
was determined to span a gap if there was no sagging or change in the filament diameter (filament 
thinning) over the gap distance upon qualitative optical inspection. 
Elastomer Synthesis: 
3D printed emulsion structures were placed in a desiccator connected with a three-way valve 
to a three-necked 100 mL round bottom flask. The desiccator was sealed and the entire system was 
evacuated using a laboratory vacuum pump. The valve to the round bottom flask was closed and 
silicon tetrachloride (5-15 mL, dependent on the number and size of structure) was added via 
syringe. The valve was opened and heated via a heat gun for 1 min to allow the silicon tetrachloride 
vapor to diffuse into the desiccator. The samples reacted with silicon tetrachloride vapor overnight. 
The samples were then removed from the desiccator and thermally annealed in a box furnace (73oC 
for 30 min, 143oC for 1 h, and 292oC for 1 h). The samples were allowed to cool to room 








X-Ray Fluorescence (XRF): 
A Shimadzu EDX-700 System (100μA, 50 kV, beam size diameter of 1 mm) with a rhodium 
source and purged with helium was used for XRF measurments. An elemental survey was 
performed to determine trace metals in the samples.  
Gel Permeation Chromatography (GPC) 
A Waters1515 Isocratic HPLC pump equipped with a Waters (2998) Photodiode Array 
Detector, a Waters (2414) Refractive Index Detector, a Waters (2707) 96-well autosampler in THF 
at 30 °C, and a series of 4 Waters HR Styragel columns (7.8 x 300mm, HR1, HR3, HR4, and HR5) 
was used for GPC measurements. Monodisperse polystyrene standards were used to calibrate the 
instrument.  
Fourier Transform Infrared Spectroscopy (FTIR): 
A FTS-6000 FTIR spectrometer (Bio-Rad, Cambridge, MA) with DTGS detector, KBr beam 
splitter, and ceramic source was used for all IR measurements. Spectra were collected using a 
spectral resolution of 4 cm-1 with a modulation of 5 kHz and a 1.2 kHz low pass filter. Single beam 
spectra were co-added (64 scans) and referenced to ZnSe. For polarized measurements, a KRS-5 
Au wire grid polarizer was used. Single-beam spectra were transformed using Varian Resolutions 
Pro software. 
Thermogravimetric Analysis (TGA): 
A TGA (TA Instruments) was used for all measurements. All samples were analyzed in a 
nitrogen environment. Two different heating cycles were performed: 1) linear temperature ramp 




ramp (5 oC/min) to 143oC, hold for 1 h, ramp (10 oC/min) to 292oC, hold for 1 h. Data was analyzed 
using TA Instrumental Analysis software. 
Scanning Electron Microscopy (SEM) with Energy Dispersive X-Ray Spectroscopy (EDX): 
An Emitech K575 sputter coater was used to apply a non-conductive 2.5 nm layer of a 60:40 
Au/Pd alloy (applied current of 20 mA for 10 seconds, deposition rate of 2.5 Å/s) coating to the 
samples prior to imaging. Coated samples were immobilized onto a metallic sample exchanger 
using carbon tape and loaded into a Hitachi S4700 Scanning Electron Microscope. The samples 
were imaged using an extracting voltage of 10 kV and a beam current of 10 µA. EDX was carried 
out using an Oxford instrument on imaged sections of the sample via 15 keV X-ray irradiation and 
data was accumulated for 300 seconds to give the resulting spectra using Iridium software.  
Modulus Characterization: 
A Piuma Nanoindenter was used for all measurements. Indentations were performed with a 
probe (tip radius of 9.0 μm, stiffness of Eeff = 44 N/m, Poisson’s ratio approximately of ν=0.5, 
calibration factor of 1.3) over 10 μm relative displacement and overall indentation time of 6 s. 
Piuma Dataviewer Version 1.0 by Optics was used to analyze the data and the retraction portion 
of the indentation curve was fit to the Oliver and Pharr model (lower load limit was set to 65% of 
the maximum load (Pmax) and upper load limit set to 85% of the maximum load (Pmax)). 
Imaging: 
Microstructural observations were made using an Olympus IX71 inverted fluorescence 
microscope with a GS3-U3-23S6M-C Point Grey CCD camera and a mercury vapor lamp light 
source. Micrographs were recorded with a 10x UPlanSApO or 63x Zeiss LD Plan NEO air 




Canon EOS 5D Mark II DSLR camera with an MP-E 65mm lens and a UVP Black-Ray B-100AP 
UV Lamp. 
Data Analysis and Fitting:  
Figure 5.1a was generated from digitizing literature data [166–177] of steady shear flow or 
large-amplitude oscillatory shear using WebPlotDigitizer on Chrome. Using OriginPro 2016, 
digitized steady shear data of stress versus strain-rate was fit to the Herschel-Bulkley model in 
applicable regions to obtain the shear yield stress. If necessary, a parallel-plate correction was 
performed prior to fitting [47]. All fits had an adjusted R2 value of at least 0.90. For large-amplitude 
oscillatory shear data, the stress at the crossover of  and  was taken as the yield stress. The 
minimum tip diameter was taken as reported. Microstructure type was taken as reported or 
categorized based on the authors’ best judgement of the dominant microstructural yield-stress 
mechanism of the reported material. Note that many of these materials are complex multi-







Chapter 6: Gelation under stress of hydrogels 
 
6.1 Introduction 
In this chapter, I investigate the effect of dynamic flow during gelation of aqueous 
methylcellulose (MC), a material that forms a brittle gel at elevated temperatures under quiescent 
conditions, and thus would ordinarily not be considered a yield-stress fluid. Gelation is typically 
studied with "quiescent" conditions and neglects the paradigm that dynamic conditions, even a 
small applied stress, can dramatically change properties such as gelation temperature and the 
resulting structure and mechanical properties of a material. I control the applied stress during 
temperature-ramp gelation to systematically explore processing-to-property relations. Flow makes 
gelation more difficult, evidenced by an increased apparent gelation temperature, and lowers its 
mechanical properties, evidenced by a decreased hot gel elastic modulus and decreased apparent 
failure stress. In extreme cases, formation of a fully percolated polymer network is inhibited and a 
soft granular yield-stress fluid is formed, rather than a brittle gel. This work hypothesizes that 
sufficiently high stresses during gelation trigger a transition between two metastable fibril 
structures that have been previously investigated in literature. Our findings of a stress-dependent 
gel temperature raise questions for other rheological tests that measure gel temperature at finite 
stress, such as small amplitude oscillatory shear (SAOS). Our systematic approach here should 
serve as a paradigm for verifying any rheology-based gelation measurements, namely, to measure 
gelation as a function of applied stress, and report the limit where stress goes to zero. This work 
was done in collaboration with Dow Chemical Company who supplied material, characterized the 





The industrial, consumer, and scholarly importance of methylcellulose (MC) is immense. The 
hydrophobic modification of cellulose—the most abundant material in nature—yields MC which 
has been utilized to considerable effect in pharmaceuticals research [191–193], food products 
[194–196], building materials [197,198], packaging films [199,200], solar cells [201], fuel cells 
[202,203], nano-particle synthesis [204,205], and research on cell culturing [206–208]. The most 
immediately intriguing aspect of aqueous MC is its uncommon ability to form a turbid, 
thermoreversible gel at elevated temperatures as shown in Figure 1a. Partially substituting methyl 
moieties onto the anhydroglucose (AGU) repeat unit of cellulose in the C2, C3, and C6 positions 
results in MC that is water-soluble at low temperatures and gels at high temperatures. There has 
been much progress made in studying the structure and rheological properties of the solution and 
gel states [209–218], as well as the dependence of gelation on degree of substitution [219], 
concentration [209,220], and heating rate [212]. 
Almost the entire rich body of work that exists on gelling aqueous MC focuses on gels that 
form in a completely- or quasi-undisturbed state. Under these quiescent conditions, MC has been 
observed to form a fibrillar gel network [210,211]. This network results from a conformational 
change of MC polymers in solution from coils to rings and self-assembly into fibrils [221] [222]. 
The material shown in Figure 6.1a was gelled in this quiescent manner, and the ultimate mode of 
failure is fracture at some critical shear stress, rather than yielding and flowing.  
However, for many of the applications mentioned above and others, the properties of 
quiescently-gelled MC may be totally unrepresentative of how the material will actually behave 
under finite stress conditions, as will be shown here. Under appropriate processing conditions (e.g. 
strong shear while heating), completely different properties result. Shown in Figure 1b, heating 





yield-stress fluid that flows. The effect of controlled shear rate conditions during temperature-ramp 
gelation of aqueous MC was investigated by Knarr and Bayer [223] who found that forcing a 
constant deformation rate will destroy any gel network that forms on heating, and causes gelation 
to occur at higher temperatures. They did not measure the resulting rheological properties after 
gelation, and since they applied a deformation rate rather than stress, they could not observe a 
fully-formed gel under loaded conditions.  
The importance of investigating the effect of dynamic conditions on structure formation has 
been identified for many other material systems with network microstructures, including colloidal 
suspensions [224]. However, most studies use either controlled deformation rate conditions 
[103,225–230], or very low stress conditions [231].  
 
Figure 6.1. Images of gels resulting from heating aqueous MC solutions. (a) Gel formed while undisturbed during 
heating. (b) Gel formed while exposed to shear from a rotating mixer.  
 
In this work, I systematically apply constant unidirectional shear stresses while heating to 
allow probing of properties in both the liquid and gel states for a range of concentrations of aqueous 
MC. These properties are compared to those obtained from quiescent gelation using a common 





shear stress as “dynamic gelation”. In contrast to controlled deformation conditions that have been 
found to always break down a network, applying a moderate stress allows the formation of a fully-
percolated gel network strong enough to bear the applied load but that has properties different from 
the quiescently-gelled material. One expects that vanishingly small stresses would have little-to-
no effect on structure formation, and therefore material properties, but that sufficiently high 
stresses could lead to preferential orientation of the gel structure and rupture at the most tenuous 
connections of the network. 
Applied unidirectional stress, rather than rate, is common in applications, such as a coating 
applied to a vertical surface subject to gravitational loading. For these limited values of applied 
stress, I observe significant variation in the resulting gel temperatures and a huge dynamic range 
of gel properties. The effect of controlled-stress conditions is highly relevant to gelation during 
processes such as film formation, surface coating through impact, particle settling, and pressure-
driven flow. For these processes and other applications, the processing-to-property space that is 
generated here reveals the possibility of catastrophic inaccuracy when not taking 
processing/application conditions into account with this widely used polymer, and provides a 
protocol for investigating these conditions with other materials that may structure under flow. 
 
6.2 Materials and Methods 
Methylcellulose used in this study was provided by The Dow Chemical Company under the 
trade name METHOCEL™ A15. The MC material was characterized by size-exclusion 
chromatography to obtain the absolute molecular weight distribution and differential solution 
viscosity by the method of Li [232]. The molecular weight distribution was monomodal with 





differential solution viscosity data (28 °C, 0.02−0.2 wt % MC) relative to that for solvent were 
converted into intrinsic viscosity [η], and this intrinsic viscosity (167 ml/g) was used to compute 
the critical overlap concentration (
-1* 0.0059 g/mLc   ).  The degree of methyl ether 
substitution ( DS = 1.9 mol –OCH3/mole AGU) was measured by an approach reported elsewhere 
[233].  
 Prior to use, MC was dried under vacuum at 60 °C for a minimum of 12 h. A density of 1.39 
g/mL was used for MC, and the volume fraction was calculated assuming volume additivity as 
used in other MC studies [212,216]. Solutions were prepared by adding MC powder to half of the 
required volume of deionized water at 70 °C with constant stirring for 10 min without additional 
heating, creating an opaque dispersion. The remaining water (∼21 °C) was then added gradually 
over 1 min, and the solution was allowed to continue stirring for an additional 10 min. The solution 
was then stirred in an ice bath for 10 min and stored at 4 °C for a minimum of 12 h to fully hydrate 
the polymer before use. The resulting solutions were transparent at low concentrations to 
translucent at higher concentrations. MC solutions were prepared over the range of 1 to 8 wt% 
which nominally is the range of 1.75c* to 13c*. 
Outside the scope of this work is direct characterization of the microstructure. A fibrillar gel 
network structure has been reported for MC polymers of molecular weight 150 kg/mol and higher 
[221], but there is currently a lack of evidence regarding the precise microstructure of the material 
used in this study (Mw approximately 50 kg/mol, details given above). The material used in this 
study becomes optically turbid (Figure 1), similar to higher molecular weight materials [212], 
indicating the presence of relatively large scale heterogeneities in the microstructure. To the 
authors’ knowledge, microstructure characterization under shear flow has never been attempted 





be possible with experimental setups that combine rheometry and structure characterization 
(scattering [234,235] or confocal [236,237]), but this is outside the scope of the work here.  
 
Figure 6.2. Schematics of a) applied thermal history and b) stress applied simultaneously. In all tests, the material 
is allowed to relax and equilibrate at zero applied stress and 20 °C before the temperature ramp begins. For 
determining the linear viscoelastic gel temperature, small amplitude oscillatory shear (SAOS) flow is applied. For 
dynamic gelation, a constant unidirectional stress is applied. At 80 °C, an increasing oscillatory stress amplitude 
is applied until failure, providing the hot gel moduli and apparent failure stress.  
 
Prior to rheological testing, solutions were degassed to prevent/minimize bubble formation 
when warming. Figure 6.2 schematically shows the applied thermal history and stress scheduling. 
Unless otherwise noted, characterization was performed on a TA Instruments DHR-3 or AR-G2 
rotational rheometer (combined motor/transducer instruments) using a DIN concentric cylinder 
cup (30.4mm diameter) and sandblasted bob (28mm diameter, 42mm immersed length) geometry 
with Peltier temperature control. To inhibit dehydration, a thin layer of mineral oil with a density 
of 0.838 g/mL obtained from Sigma-Aldrich was floated over the surface of the MC solution. For 





warming to the final temperature at a rate of 1 °C/min. All experiments were repeated thrice to 
obtain error bars; error bars smaller than data points are not shown. 
To obtain the quiescent gelation temperature, small-amplitude oscillatory shear measurements 
were performed at a frequency of 0.1 rad/s and stress amplitude of 0.1Pa which is within the linear 
regime for all the tested quiescently gelled concentrations. This provided the viscoelastic storage 
and loss moduli, G' and G'', respectively, as a function of temperature. All gel temperatures labeled 
“0 Pa” are from small-amplitude oscillatory shear (SAOS) tests (small stress centered about 0 Pa). 
 
 
Figure 6.3. Range of stress magnitudes applied during gelation in this work using a combined motor/transducer 
(controlled torque) rheometer with a concentric cylinder geometry. Characteristic stress magnitudes of relevant 
applications are indicated (calculation given in Appendix D).  
 
For dynamic gelation, constant unidirectional stress, c , was applied and the resulting 
instantaneous shear rate ( )t , provided the apparent viscosity, ( )t   , as a function of 
temperature. The range of stresses investigated here is shown in Figure 6.3, along with benchmark 
values of stress for context (see Appendix D for calculation details). At 80 °C an increasing 
oscillatory stress amplitude was applied at a frequency of 3 rad/s until the apparent failure stress, 
*Y , was observed. The SAOS data was found to be insensitive to the oscillation frequency for 
all materials at 80 °C within our experimental window (0.1 to 100 rad/s). For all tests at 80 °C, the 





from plots for clarity. A special case of the constant-stress gelation is 0c  , to which this work 
will refer to as “true quiescent” gelation. All hot gel properties (elastic modulus G' and failure 
stress *Y ) labeled “0 Pa” are from true quiescent tests. For some high concentrations in the 
concentric cylinder geometry, the apparent failure stress exceeded what could be applied by the 
maximum instrument torque. For these materials, the hot gel properties were obtained by 
performing the dynamic gelation tests using a 40mm sandblasted parallel plate on the previously-
specified rheometers with a Peltier flat plate and an applied mineral oil barrier. Due to maximum 




6.3.1 Gel Point and Liquid Properties 
The gelation of MC of higher molecular weights than the variety studied here has been shown 
to satisfy the Winter and Chambon criteria [238,239] and show a frequency-independent gel 
temperature only for concentrations above an entanglement threshold ( 10 *ec c ) [212]. For 
determining the quiescent gel temperature as our baseline for comparison, this work pragmatically 
chooses to use the temperature ( ' '')T G G , at which the viscoelastic storage modulus, G', crosses 
over the loss modulus, G'' [240] at an angular oscillation frequency of 0.1 rad/s. Though this is not 
a true, frequency-independent gel point, it is a practical alternative given that one is limited to 
lower frequencies by instrument inertia [46], which is a significant issue at low MC concentrations. 
Additionally, I am only seeking a point-of-reference for comparison to the dynamic gel 





temperature, ( ' '')T G G , decreases as the MC concentration rises, and this dependence is 
consistent with literature [209,212,220]; quiescent gel temperature measurements are provided in 
Appendix D. 
 
Figure 6.4. Gel point from viscosity divergence. a) Schematic of the gel point T
gel
 as either the temperature at 
which the instantaneous apparent viscosity η diverges or as the onset temperature of a non-zero shear elastic 
modulus G
0
. b) Viscoelastic moduli and viscosity growth of aqueous MC (8 wt.%) while warming from 20 to 80 
°C at 1 °C/min. G' and G'' are measured with SAOS (oscillation frequency = 0.1 rad/s, stress amplitude = 0.1 Pa) 
and T
gel
 is estimated as ( ' '')T G G . η is measured by applying a constant shear stress (0.1 Pa) and T
gel
 is 
estimated as the temperature associated with the maximum slope,  T(d/dT
max
). The difference in the measured 
gel temperatures is the expected precision of the dynamic gel temperature. 
 
For dynamic gelation tests, a constant unidirectional stress is applied. With no oscillatory 
deformation, I do not have access to the viscoelastic moduli. Thus, this work uses the fundamental 





[47], as depicted schematically in Figure 6.4a. When using this definition, the ability to measure 
very small rates of deformation is a factor, and thus practically this work determines the gel 




 when the instantaneous apparent viscosity becomes 
immeasurable (solidification). A similar protocol was used to determine the gel temperature of a 
triblock copolymer system, but only for stresses small enough to not significantly affect the 
properties of the material [241]. Figure 4b overlays the modulus and viscosity growth for the same 
MC concentration with the same magnitude of applied stress. Using the two different definitions 





), I obtain the expected precision of our dynamic 
gel temperature as approximately 3 °C. 
 
Figure 6.5. Growth of the steady shear viscosity for aqueous MC a) 8 wt% and b) 1.04 wt% while warming from 





are marked with down-pointing arrows labeled with the applied shear stress.  Increasing stresses alternate 
between open and filled symbols. For reference, also marked are the gelation temperatures T
gel
(G' = G'') 






Figure 5.5 shows the growth of the steady shear viscosity during dynamic gelation for the 






 occurs at higher temperatures as stress rises, meaning that the gel temperature 
increases as the applied stress rises (i.e. it is more difficult to gel the material). Compared to the 
quiescent gel temperature (blue arrow labeled “0 Pa”), applying a stress of 100 Pa delays gelation 
by approximately 20 °C when warming at 1 °C/min. Figure 6.5b shows that for lower 
concentrations at sufficiently high stresses, the viscosity never diverges, indicating that the 
imposed stress is not allowing a fully-percolated gel network to form. Materials that do not show 
a diverging viscosity can be considered to not gel while a sufficiently high stress is being applied; 
however, once the stress is removed, it is apparent from viscoelastic measurements that a soft 







Figure 6.6. Apparent gel temperature for different concentrations of aqueous MC as a function of the applied 
dynamic stress.  The aqueous MC material is solid-like at temperatures exceeding each curve. 
 
The gel temperature results for all studied concentrations and applied stresses are summarized 
by the phase space in Figure 6.6. The figure summarizes the extensive sets of studies reported in 
Appendix D. For all concentrations, the gel temperature increases as the applied stress rises until 
a critical shear stress is reached when gelation is inhibited.  
For this MC material, this work attributes the inhibition of gelation to either the destruction or 
prevention of fibril network connections due to flow stress, which is counteracted by the propensity 
to form fibrils and a percolated network at elevated temperature. When gelation is completely 
inhibited (‘No Gel’ location in Figure 6), it is likely that network formation is still occurring, but 
on length scales that do not span the full sample size until after the dynamic gelation stress is 
removed (and flow ceases). Evidence for this is visual (e.g. Figure 1b with the soft granular yield-
stress material) and with measured rheology: when the stress is removed, a soft solid forms with 





We note that the phase space of Figure 6 is only representative of the particular MC material 
and heating rate used here; however, I anticipate that the trend of increased gel temperature or 
inhibited gelation under dynamic flow conditions is general to other thermally-gelling materials 
and heating rates. Clearly, if one’s application relies on gelation occurring at a particular 
temperature, an unaccounted-for delay or inhibition of this process could have unfavorable 
implications. Yet, this phenomenon could also allow for more design freedom in the available 
material properties; if one does not want a material to gel in a hot environment, applying a flow 
stress will inhibit gelation. 
 
6.3.2 Hot Gel Properties 
After forming hydrogels with the same applied thermal and constant shear stress history, the 
hot gel was subjected to oscillatory shear flow at successively higher stress amplitudes until 
apparent failure was observed. The viscoelastic storage modulus, G'
1
 [242], of the hot hydrogel 
was fit to a constant value in the plateau region to obtain LVEG' . Apparent failure manifested as 
extreme non-linearity. Since I lack direct visual observation within the rheometer geometry, it is 
unclear if the failure is cohesive (due to sample yield) or adhesive (due to boundary slip). Thus, I 
emphasize the apparent nature of this failure stress, *Y , and that it may not be a true material 






Figure 6.7. Hot hydrogel modulus (3 rad/s, 80 °C) from oscillatory shear flow for a set of aqueous MC materials 
a) 8 wt% and b) 2.08 wt% warmed from 20 to 80 °C at 1 °C/min while being subjected to a constant shear stress 
(0, 0.1, 1, 3, 10, or 30 Pa). Each stress amplitude sweep is truncated at the apparent failure stress (shown by 
symbols). G'
LVE
 is obtained from a fit to the plateau at low oscillation stress. In the plateau region, 0.02 < tan(δ) < 
0.1. Symbols alternate between filled and open symbols with increasing dynamic flow stress. In regions of  
overlapping data sets, data point density is decreased for readability. 
 
Figure 6.7 shows the viscoelastic storage modulus for MC a) 8 wt% and b) 2.08 wt% gelled 
under increasing stresses. As noted previously, for all materials, in the linear plateau region, tan(δ) 
is less than 0.1 and G'' is omitted from plots for clarity. The shown error bars are from repeat 
experiments; each data set is truncated at the lowest observed apparent failure stress ( symbols). 
It must also be noted that the blue “0 Pa” data set is from the so-called “true quiescent” gelation 
test (no rheological probing during temperature ramp) and not from the SAOS temperature ramp. 
The non-linear rheology has been well-documented for MC materials of higher molecular weight 





behavior in large-amplitude oscillatory shear (LAOS). For 8 wt%, across two-and-a-half decades 
of applied flow stress, c, the resulting hot gel storage modulus decreases by an order of magnitude 
(the gel is much less stiff), and the apparent failure stress decreases by over an order of magnitude 
(the gel breaks much more easily). This general trend is observed across all tested concentrations, 
but as shown for 2.08wt% (σc = 10 Pa), this trend becomes non-monotonic for lower concentrations 
at sufficiently high applied stress. With increasing flow stress, the resulting hot gel modulus stops 
decreasing and begins to increase, but does not come close to recovering the quiescent hot gel 
modulus.  
 
Figure 6.8. Linear viscoelastic storage modulus for various MC concentrations at 80 °C as a function of the 







Figure 8 summarizes the storage modulus measurements for all tested concentrations and 
applied stress conditions. The detailed viscoelastic data that Figure 6.8 summarizes is available 
Appendix D. Dramatically softer gels are formed under increasingly dynamic conditions. At low 
gelation stresses, LVEG'  is within error of the true quiescent modulus. At higher gelation stresses, 
LVEG'  is always below the true quiescent modulus, but is not monotonically decreasing. 
Interestingly, all measured MC concentrations less than 8 wt% show an unexpected non-
monotonic trend where the sharp decrease in LVEG'  is followed by a gradual increase as the 
dynamic gelation stress increases. Furthermore, I observe that this gradual increase follows 
approximately along the line of LVE cG'   which indicates that after a concentration-dependent 
critical stress is imposed, the hot gel modulus becomes insensitive to MC concentration and 
directly proportional to the dynamic gelation stress. 
 
Figure 6.9. Apparent failure stress, σ
Y
*, for various MC concentrations at 80 °C as a function of the dynamic 







Figure 6.9 summarizes the failure stress measurements for all studied concentrations and 
applied shear stresses and shows that dynamic conditions can also lead to dramatically weaker 
gels. Detailed viscoelastic data that Figure 6.9 summarizes is available Appendix D. Though the 
trends for Y *  are not as clear as for LVEG' (likely due to it not being a true material property as 
discussed above), the same overall decrease followed by a concentration-insensitive increase is 
observed for concentrations below 8%. Above the concentration-dependent critical stress, 
materials appear to follow close to the line of * 0.1 Y c  . It is somewhat intuitive that if a 
significantly disruptive stress is applied during hydrogel formation, the resulting microstructure 
cannot support a load greater than this stress (e.g. here, it fails at 10% of the dynamic load applied 
during the temperature ramp). However, the non-monotonic and concentration-insensitive nature 
of this trend is unintuitive; increasing the disruptive stress beyond a certain level actually 
strengthens and stiffens the material (though not as stiff as hydrogels formed under quiescent 
conditions).  
The implications for this huge range of resulting mechanical properties are apparent. In the 
example of a gelling film on a vertical surface, for MC, a 1mm thick layer results in a stress at the 
surface of approximately 10 Pa (see Appendix D). For a concentration such as 2.08%, this means 
that rather than being able to support a load of 600 Pa (true quiescent failure stress), the film would 
fail at a loading of less than 1 Pa. 
The dramatic changes in mechanical properties suggest significant microstructural differences 
between materials gelled quiescently versus those gelled with dynamic applied stress conditions. 
Direct characterization of the microstructure is outside the scope of this work. However, here this 





below and above some concentration-dependent critical dynamic gelation stress. Below the critical 
stress, the modulus and failure stress of the material is unaffected or decreases. Above the critical 
stress, the modulus and failure stress both increase. 
Below the critical stress, as partially discussed in the delay/inhibition of the gel temperature, I 
hypothesize that while the dynamic gelation stress is applied, dense fibril network formations are 
only allowed to form on length scales smaller than the full sample size, as shown in Figure 1b. 
After this stress is removed, a sample-spanning network could still form by bridging these smaller 
domains, resulting in an overall sparser connectivity when compared to the quiescent gelation case 
and a softer and weaker material as observed. It is significant that these fibril-based networks are 
always softer than the quiescently-gelled material. This rules out the hypothesis that, in this low 
gelation stress regime, thicker fibrils may be formed due to associations under flow, as this would 
increase the stiffness of the hot gel. The rheological behavior in the hot state is consistent with a 
gel network rather than a microgel suspension such as Carbopol [43], or a wet granular material. 
The catastrophically nonlinear nature of the mechanical failure of the hot gel suggests fracture or 
surface debonding of a network, rather than reversible yield and flow as would be expected if the 
material remained in the granular state similar to that shown in Figure 61b.  
An overall sparser connectivity would explain why disrupting the microstructure formation in 
this way leads to softer and weaker gels, but does not explain the non-monotonic nature of these 
properties seen in lower concentrations. Above the critical gelation stress, the modulus and failure 
stress increase. This behavior suggests that at the concentration-dependent critical stress, the 
overall character of the microstructure undergoes a dramatic shift. Ginzburg et al. [222] found 
through simulations that MC polymers may self-assemble into fibrillar networks in two possible 





polymers. Only the former configuration is consistent with cryogenic transmission electron 
microscopy and small angle neutron scattering observations of a quiescently gelled fibrillar 
network of MC (higher molecular weights than studied here), such as a uniform fibril diameter of 
15+2nm [210,211,221]. Thus, Ginzburg et al. [222] hypothesize the existence of some 
unaccounted for kinetic or thermodynamic factor that is unfavorable to the formation of the latter, 
aligned and bundled configuration. Given our results that suggest a dramatic shift in the 
configuration of the microstructure at a concentration-dependent critical stress (non-monotonic 
stiffness and failure stress), I hypothesize that above the critical applied stress during gelation, MC 
polymers tend to stretch and align, favoring the formation of a bundled fibrillar network with no 
polymeric rings. If this is the case, as the dynamic gelation stress is increased, polymer molecules 
would be more strongly aligned, and the aggregated bundles would be thicker, stiffer, and stronger 
as a result. This also suggests that dynamically-gelled MC materials would likely have lower 
uniformity of fibril diameters than has been found for quiescently gelled materials.  Methods are 
still needed to enable experimental visualization of this phenomenon and to validate this 
hypothesis. 
 
6.4 Conclusions and Outlook 
We applied constant shear stresses during the gelation of aqueous methylcellulose to obtain 
rheological properties in both the liquid and hot gel states across a wide range of MC 
concentrations and dynamic stresses. Applying stress was found to make gelation more difficult 
(i.e. gel temperature increased) or inhibit gelation entirely until removal of the applied load. 





concentrations showing non-monotonic dependence of properties on c . Outside the scope of this 
work is the effect of an oscillatory stress (as in SAOS) on gel temperature and properties. However, 
given the sensitivity of some concentrations to a relatively small unidirectional stress (e.g. for 
2.08%, LVEG'  decreasing by over two orders of magnitude at c = 1 Pa), this raises questions for 
any gelation test performed at finite stress magnitude, including SAOS. This work recommends 
the protocol presented here, of reporting true-quiescent properties that are approached in the limit 
of zero applied stress to verify any SAOS measurement. This protocol of applied stress is not 
limited to materials that exhibit a “gel temperature” and can also be applied to any materials where 
flow may affect structure formation including the restructuring of thixotropic materials, or the 
deposition of frontally polymerizing materials [161]. Additionally, here I only characterize hot gel 
properties in the same direction as the applied stress (i.e. the rotational direction). I conjecture that 
for a networked microstructure, there should be some alignment in the plane of the unidirectional 
applied stress, which triggers a transition in the configuration of the MC fibrils to a more aligned 
structure, leading to an increasing stiffness and strength. This also suggests that properties such as 
stiffness, failure stress, diffusivity, etc., may be anisotropic [243]. Characterization of such 
anisotropic properties would serve as interesting future studies, including rheological, structural, 





Chapter 7: Conclusions and outlook 
 
The objectives of this thesis were to establish the design relationships between performance, 
rheological properties, material structure/formulation, and processing for key yield-stress fluids, 
and to provide methodologies that can be applied to a wide variety of other rheologically-complex 
materials. The results presented here have already been implemented in research outside the scope 
of this thesis and provide frameworks for the rheological design of yield-stress fluids. Model 
materials presented here enable systematic exploration of the role of extensibility with yield-stress 
fluids. Finally, the protocol of dynamic gelation, which includes reporting true-quiescent 
properties that are approached in the limit of zero applied stress, should potentially be applied to 
any material that transitions to a more structured state to verify other rheological measurements 
(e.g. small-amplitude oscillatory shear). 
In Chapter 2, this work established a paradigm for the design of rheologically-complex 
materials focused on the rheology-to-structure inverse problem for model yield-stress fluids. I 
believe that anyone wishing to utilize yield-stress fluids in application would benefit from the 
methods presented here, and from making use of our early-stage database. Obvious further 
extensions of this work are to include additional features and secondary properties of yield-stress 
fluids beyond steady shear flow behavior. Thixotropic effects, pre-yield viscosity, pre-yield 
elasticity, yield strain, inhomogeneous yielding, and viscoelasticity are all neglected in our work 
and have significant potential impacts in the application of these materials. Despite this, the fact 
that it is easy to see where to go next and where this work can be extended is a positive thing that 
indicates its potential influence. The development of similar design ontologies should be carried 





someday, this framework will lead to the development of design tools for rheologically complex 
materials on the level of Professor Michael Ashby’s famous work on materials selection 
[28,126,244]. 
Chapter 3 developed a paradigm that yield-stress fluids may be highly extensible materials, a 
perspective that until now has been significantly underdeveloped in favor of more “paste-like” 
yield-stress fluids [245]. This work demonstrated that archetypal yield-stress fluids are 
inappropriate models for studying applications where extensibility may be important and 
formulated and characterized a candidate highly-extensible model yield-stress fluid. As our 
characterization method was limited to a single extension rate, a more thorough investigation of 
the effect of extension rate on the extensibility of yield-stress fluids should be conducted, as well 
as a systematic study of what performance target range our model material can achieve by varying 
the formulation and processing. The results of such a study might show that our candidate model 
material only quantitatively matches the extensibility of materials like gum at a very limited range 
of extension rates. However, the fact that our simply formulated material captures the important 
extensional behavior at even a single extension rate makes it a more suitable model material than 
any of the other common model yield-stress fluids. Potential refinement of the design of this 
material to achieve particular performance targets remains as future work. As demonstrated, the 
characterization protocol introduced in this chapter can be applied to a wide variety of yield-stress 
fluids and was utilized for the subsequent studies of 3D printing and performance magic 
applications. 
Performance magic is a passion that I was fortunate to develop significantly in graduate school. 
In Chapter 4, I applied the methodologies presented in Chapter 3 to characterize a rheologically 





pedagogical tool and explain the “magical” behavior. This project was a successful blending of 
my personal hobby, a project in a class on polymer rheology taught by Professor Simon Rogers, 
and my research interests. The playful application has inspired contributions to scientific outreach 
and new uses of research materials. Future studies of this material should include a more thorough 
investigation of other rheological properties that may impact the performance (e.g. extensional 
viscosity), leading to a complete set of property targets to achieve this interesting behavior that has 
potential applications in additive manufacturing. 
Chapter 5 made use of the design framework presented in Chapter 2, and the characterization 
protocol presented in Chapter 3, to present a novel material for direct-write 3D printing ink. This 
work introduced concentrated particle-free emulsions as materials that can address the significant 
challenge of direct-write 3D printing at nozzle diameters less than 10 microns. By varying the 
amount of polymer additive, key relations between printing performance and ink rheology were 
established, and an extensibility property target for higher-speed printing was determined. This is 
hardly the only property target that can be developed for direct-write 3D printing, and further 
studies should investigate scaling laws and strategies for achieving minimum yield stresses, 
viscoelastic moduli, and maximum thixotropic timescales. The contribution of particle-free 
emulsions as an additional material for printing is only impactful if further advances can be made 
in post-printing transformations to improve mechanical properties. One such post-printing 
transformation of the material into an elastomer was presented in Chapter 5. Preliminary work has 
been performed with Dr. Sean Lehman in the Nuzzo research group to develop a photo-curable 
emulsion that makes use of poly(2-hydroxyethylmethacrylate) with a lithium phosphinate 





of concentrated emulsions as direct-write 3D printing materials has the potential to inspire a huge 
number of post-processing methods. 
Setting aside direct-write 3D printing, the emulsion system introduced in Chapter 5 is 
remarkable in how the steady shear flow rheology and linear viscoelasticity is essentially 
unaffected by the molecular weight of the PEO additive, while the extensibility can be controlled 
to be drastically different. Shown in Figure 7.1 is the extensibility property space developed in 
Chapter 3 with the PEO emulsion included. With this material system, we cover nearly the entire 
observed range of extensional strain-to-break with a very small distribution of shear yield stress 
values. In this way, this material truly is a model system for investigating the effects of extensional 
rheology for yield-stress fluid applications and should be applied to many other flow scenarios of 
interest including droplet impact [94,97]. Exhaustive shear and extensional rheological 
characterization should be performed on this model system to determine the ways that shear 
rheology may begin to differ, and the range of different extensional properties that can be achieved.  
Chapter 6 focused on the effect of processing on a thermally gelling material, aqueous 
methylcellulose, which when sheared under appropriate conditions forms a granular yield-stress 
fluid. This work shows the potentially catastrophic impact that neglecting processing conditions 
can have, and thus this work recommends that for any application where structuring may occur 
under flow, our protocol of reporting true-quiescent properties and the effect of finite stress be 
performed. This methodology is being applied as part of a collaboration with Jia En Aw, and 
Mostafa Yourdkhani; and Professors Nancy Sottos, Scott White, Jeff Moore, and Philippe 
Geubelle in the Autonomic Material Systems group at the University of Illinois. Preliminary work 
outside the scope of this thesis is investigating the effect of applied stress on the bulk 





enhancement of the polymerization process above a critical stress. Additional work has also been 
performed with this system to develop rheological design criteria for this innovative method of 3D 
printing. 
 
Figure 7.1 Ashby-style co-plot of all materials studied here including designed model systems (PVA-borax 
emulsion in Chapter 3, direct-writable PEO emulsion in Chapter 5). Error bars shown are the standard deviation 
from repeated experiments. 
 
To conclude, this thesis is an important collection of design frameworks, methodologies, and 
case-studies devoted to developing the full design toolbox for yield-stress fluids. In the future, to 
effectively design complex materials will mean completely integrating performance-to-rheology 
target setting, rheology-to-structure ideation and formulation, and structure-to-processing 
optimization. This will enable rheology and soft matter communities to better design and engineer 
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Appendix A:  
Supplementary Information for Chapter 2 
 
A.1 Detailed Rheological Data 
Figures A.1 through A.6 depict the repeated experiments for each material formulation with 
uncorrected values of stress (see Section 2.3 for formulation and correction specifics). For each 
formulation, a representative data set was corrected and validated for lack of slip with an 
experiment performed at a smaller gap (500 μm). Comparisons of corrected data at the two tested 
gaps are shown in Figures A.7 through A.12. In the case of the emulsions, at a smaller gap, the 
measured stress can be significantly higher; this can be attributed to a confinement effect, where 
the suspended droplets are more tightly packed at the smaller gap. In no cases is the measured 
stress at the small gap smaller than at the larger gap (outside of the experimental error from repeat 






Figure A.1. Uncorrected, repeat, steady state, simple shear flow experiments from high to low rate for Carbopol 
of 0.1, 0.15, 0.2, 0.25, 0.5 %wt. Each symbol type corresponds to a particular concentration. A higher 
concentration increases the yield stress. 
 
 
Figure A.2. Uncorrected, repeat, steady state, simple shear flow experiments from high to low rate for Bentonite 
of 7, 8, 9, 10, 11, 12 %wt. Each symbol type corresponds to a particular concentration. A higher concentration 







Figure A.3. Uncorrected, repeat, steady state, simple shear flow experiments from high to low rate for Laponite of 




Figure A.4. Uncorrected, repeat, steady state, simple shear flow experiments from low to high rate for Xanthan 
Gum of 2, 4, 5 %wt. Each symbol type corresponds to a particular concentration. A higher concentration 







Figure A.5. Uncorrected, repeat, steady state,simple shear flow experiments from high to low rate for silicone oil-
in-water emulsions of 65, 70, 75, 80 %wt oil. Each symbol type corresponds to a particular concentration. A 
higher concentration increases the yield stress. 
 
 
Figure A.6. Uncorrected, repeat, steady state, simple shear flow experiments from high to low rate for mineral 
oil-in-water emulsions of 65, 75 %wt oil. Each symbol type corresponds to a particular concentration. A higher 







Figure A.7. Corrected, steady state, simple shear flow experiments from high to low rate for Carbopol of 0.1, 
0.15, 0.2, 0.25, 0.5 %wt at different gap heights. The small yellow symbols are for a gap of 1000μm, the large 
orange symbols are for a gap of 500μm. Each symbol type corresponds to a particular concentration. A higher 
concentration increases the yield stress. 
 
 
Figure A.8. Corrected, steady state, simple shear flow experiments from high to low rate for Bentonite of 7, 8, 9, 
10, 11, 12 %wt at different gap heights. The small purple symbols are for a gap of 1000μm, the large blue 
symbols are for a gap of 500μm. Each symbol type corresponds to a particular concentration. A higher 







Figure A.9. Corrected, steady state, simple shear flow experiments from high to low rate for Laponite of 3, 4, 5 
%wt at different gap heights. The small purple symbols are for a gap of 1000μm, the large blue symbols are for a 




Figure A.10. Corrected, steady state, simple shear flow experiments from low to high rate for Xanthan Gum at 2, 
4, 5 %wt at different gap heights. The small blue symbols are for a gap of 1000μm, the large magenta symbols 
are for a gap of 500μm. Each symbol type corresponds to a particular concentration. A higher concentration 







Figure A.11. Corrected, steady state, simple shear flow experiments from high to low rate for silicone oil-in-water 
emulsions of 65, 70, 75, 80 %wt at different gap heights. The small orange symbols are for a gap of 1000μm, the 
large pink symbols are for a gap of 500μm. Each symbol type corresponds to a particular concentration. A higher 
concentration increases the yield stress. Higher stresses at the smaller gap indicate a confinement effect. 
 
 
Figure A.12. Corrected, steady state, simple shear flow experiments from high to low rate for mineral oil-in-water 
emulsions of 65, 75 %wt at different gap heights. The small orange symbols are for a gap of 1000μm, the large 
pink symbols are for a gap of 500μm. Each symbol type corresponds to a particular concentration. A higher 






A.2 Comparison of High-dimensional Data 
The reader may question how necessary low-dimensional descriptions are when selecting 
between different candidate materials. It is fairly uncomplicated to compare the full flow curves 
of a few materials and discern qualitative differences in yield stress and even high-rate viscosity. 
Co-plotted in Figure A.13 are the full flow curves of the over twenty materials characterized in 
this work. Even for this limited database, it is not feasible to efficiently select or rank particular 
materials based on some performance target. Presented only with Figure A.13, ranking materials 
based on critical shear-rate (as in Section 2.5.1) would be an outrageously cumbersome task. 
 
Figure A.13. Comparing the high-dimensional flow data of a significant number of materials is an ineffective 







Appendix B:  
Supplementary Information for Chapter 3 
 
B.1 Considère Criteria for a Generalized Newtonian Fluid 
This appendix provides a demonstration of the instability in extension of all Generalized 
Newtonian Fluid models (including Bingham and Herschel-Bulkley) according to the Considère 
criterion. This process has been used to predict the failure strain for constitutive equations that 
describe the behavior of polymer melts [147]. The Considère criterion states that homogeneous 
uniaxial elongation occurs provided the strain is less than the strain at which the maximum of the 
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   (B.2) 
and for total stress tensor ( )t , cross-sectional area ( )A t , free surface in r-direction, and uniaxial 
extensional viscosity ( )u t , 
 0( ) [( ( ) ( )] ( ) ( ) ( )z zz rr uF t t t A t t A t      .  (B.3) 
Therefore, 












For an incompressible generalized Newtonian fluid model (i.e. 
( )   
 ), where 


















   (B.7) 
at all times. Therefore, for any assumed ( )  , including the re-formatted Herschel-Bulkley 
model where 





  , stable uniaxial elongation is never guaranteed. 
 
B.2 Detailed Extensional Rheology Data 
Figures B.1 through B.6 depict the repeated transient extensional experiments for each material 
formulation. The bold data points are the averages of the repeat experiments (faded data points). 
For each experiment, the rupture strain was determined based on concurrent video. The average 
rupture strain is indicated by the vertical dotted line; the shaded region is the standard deviation 
from the repeat experiments. A constant true strain rate of 0.2 s-1 was used for all experiments. 
Figures B.7 through B.9 depict the rheological characterization of the application-relevant 
materials in both shear and extension except for Mystic Smoke, the characterization of which is 








Figure B.1. Extensional engineering stress curves for Carbopol of 0.1, 0.15, 0.2, 0.25, 0.5 %wt additive from left to right tested using the ARES-G2 filament 
stretching experimental setup. The bold data points are the average of repeated experiments (faded data points) which provide the error bars. The vertical 
dashed lines depicts the average strain-to-break which was found by correlating the extensional stress curves with video images. The horizontal arrows 
below the strain-to-break labels depict the standard deviation in the strain-to-break from repeated experiments. A constant true strain-rate of 0.2 was used for 
all extensional tests.  
 
 
Figure B.2. Extensional engineering stress curves for silicone oil-in-water emulsions of 65, 70, 75, 80 %wt oil from left to right tested using the ARES-G2 
filament stretching experimental setup. The bold data points are the average of repeated experiments (faded data points) which provide the error bars. The 
vertical dashed lines depicts the average strain-to-break which was found by correlating the extensional stress curves with video images. The horizontal 
arrows below the strain-to-break labels depict the standard deviation in the strain-to-break from repeated experiments. A constant true strain-rate of 0.2 was 







Figure B.3. Extensional engineering stress curves for mineral oil-in-water emulsions of 65, 75%wt oil from left to right tested using the ARES-G2 filament 
stretching experimental setup. The bold data points are the average of repeated experiments (faded data points) which provide the error bars. The vertical 
dashed lines depicts the average strain-to-break which was found by correlating the extensional stress curves with video images. The horizontal arrows 
below the strain-to-break labels depict the standard deviation in the strain-to-break from repeated experiments. A constant true strain-rate of 0.2 was used 
for all extensional tests.  
 
 
Figure B.4. Extensional engineering stress curves for Bentonite 7, 8, 9, 10, 11, 12 %wt of additive from left to right tested using the ARES-G2 filament 
stretching experimental setup. The bold data points are the average of repeated experiments (faded data points) which provide the error bars. The vertical 
dashed lines depicts the average strain-to-break which was found by correlating the extensional stress curves with video images. The horizontal arrows 
below the strain-to-break labels depict the standard deviation in the strain-to-break from repeated experiments. A constant true strain-rate of 0.2 was used for 







Figure B.5. Extensional engineering stress curves for Laponite 3, 4, 5 %wt of additive from left to right tested using the ARES-G2 filament 
stretching experimental setup. The bold data points are the average of repeated experiments (faded data points) which provide the error bars. 
The vertical dashed lines depicts the average strain-to-break which was found by correlating the extensional stress curves with video images. 
The horizontal arrows below the strain-to-break labels depict the standard deviation in the strain-to-break from repeated experiments. A constant 
true strain-rate of 0.2 was used for all extensional tests.  
 
 
Figure B.6 Extensional engineering stress curves for Xanthan Gum of 2, 4, 5 %wt of additive from left to right tested using the ARES-G2 
filament stretching experimental setup. The bold data points are the average of repeated experiments (faded data points) which provide the error 
bars. The vertical dashed lines depicts the average strain-to-break which was found by correlating the extensional stress curves with video 
images. The horizontal arrows below the strain-to-break labels depict the standard deviation in the strain-to-break from repeated experiments. A 







Figure B.7. Steady simple shear flow from high to low rate for three consumer products which show extensibility. 










Figure B.8. Extensional engineering stress curves for three consumer products tested using the ARES-G2 filament 
stretching experimental setup. The vertical dashed lines depicts the average strain-to-break which was found by 
correlating the extensional stress curves with video images. A constant true strain-rate of 0.2 was used for all 







Figure B.9. Extensional engineering stress curves for three repeat experiments on Laffy Taffy  at 37 °C using the 
SER3 counter-rotating-drum stretching experiment. The black curve shows the average of the three gray curves. 
For comparison with other materials, the true strain was related to engineering strain with Equation (2). The 
vertical dashed line depicts the average strain-to-break which was found by correlating the extensional stress 









B.3 Characterization of 50 wt% oil model formulation 
Figure B.10 shows the characterization from steady shear flow of the proposed model material 
(creep characterization given in Section 3.4.2), including a 50wt% oil formulation. No apparent 
yield-stress behavior is observed for the 50wt% formulation. 
 
Figure B.10. Steady simple shear flow from low to high shear rate at a gap of 1000 μm for three formulations of 
the proposed model material made with 50, 55, and 60wt% Silicone Oil. Increasing the oil droplet concentration 
results in increased flow stress. Lines indicate the fit to a Herschel-Bulkley model. Error bars are the result of 
repeated experiments. The 50wt% oil concentration did not show a yield stress and was not repeatedly tested. The 
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Figure C.1.  a. Transmitted brightfield microscopy of bulk No PEO emulsion with Congo Red, scale bar 50 μm, 
fluorescence microscopy of line pattern of No PEO emulsion with Congo Red printed at 1 mm/s, b. 100 μm 







Figure C.2.  Viscosity as a function of shear rate for No PEO (black), 400 K PEO (red), 600 K PEO (orange), 900 K 
PEO (green), 1 M PEO (blue), 4 M PEO (purple), 5 M PEO (pink), 8 M PEO (gray), error bars are smaller than data 





















Figure C.3.  Template for gap spanning experiment with successful gap spanning of 8M PEO emulsion with 













Figure C.4.  Macro fluorescence image of line pattern of No PEO emulsion with Rhodamine 6G printed with 100 
μm diameter tip printed at a. 1 mm/s, scale bar 1 mm, c. 10 mm/s, scale bar 1 mm, e. 20 mm/s, scale bar 1 mm.  
Fluorescence microscopy of line pattern of No PEO emulsion with Congo Red printed with 100 μm diameter tip 








Figure C.5.  a. GPC of unmodified silicone oil, b. survey of elements of unmodified silicone oil using XRF with a 













Figure C.6.  Storage modulus (G') and loss modulus (G") as a function of oscillation strain for No PEO (black), 400 
K PEO (red), 600 K PEO (orange), 900 K PEO (green), 1 M PEO (blue), 4 M PEO (purple), 5 M PEO (pink), 8 M 






Figure C.7.  Macro images of tubes interconnected with suspended filaments of chemically annealed 8M PEO 
emulsion with Rhodamine 6G, scale bar 5 mm a. with glass cover slip, b. with glass cover slip and 50 g weight, c. 





Appendix D:  
Supplementary Information for Chapter 6 
 
D.1 Application Stress Magnitudes 
This section demonstrates the calculations of representative stress magnitudes relevant for 
several application scenarios. In all of these scenarios, we will assume a density of water for the 
material (ρ = 1000 kg.m-3). Naturally, methylcellulose solutions have a density slightly greater 
than water, but this is insignificant for the estimates here. 
D.1.1 Gravitational stress on a vertical surface. 
Given a uniform layer shown in Figure D.1A, with free-body diagram shown in Figure D.1B, 




Figure D.1. A) Uniform layer with B) 
free-body diagram. Maximum shear 






Assuming uniform density, for a given maximum stress, max , balancing the forces and solving 






  , (D.1) 
where g is the gravitational constant. More specifically, we can approximate the maximum 
gravitational stress of a layer of thickness, a, with density of water on a vertical surface with Earth 











 . (D.2) 
For example, a 1mm thick coating experiences a maximum stress max  10 Pa, as indicated in 
Figure 2 in the main paper.  
 
D.1.2 Characteristic stress of droplet impact.  
Given a spherical drop of diameter D, impacting a surface at a velocity v, we can develop a 
scaling law that relates a characteristic impact stress to the velocity of the droplet. Using the work-
energy theorem, where the change in kinetic energy is equal to the work done on the droplet, we 
can represent the work done as, 
      2Area Distance ~ D D  ,  (D.3) 









where V is the volume of the droplet which is proportional to D3, and ρ is the density which we 
will approximate as that of water. Solving for the characteristic stress provides an estimate of stress 















  (D.5) 
Droplet velocities during spray coating can vary over a wide range. Perhaps on the slower end, 
consider a velocity of 0.3 m/s, which relates to characteristics stresses at impact of almost 100 Pa, 
as indicated in Figure 2 of the main text.  
 
D.1.3 Characteristic stress of particle settling.  
A gelled sample could inhibit particle sedimentation (or rising of air bubbles), but only if 
gelation can still occur under the associated dynamic stress conditions. Given a particle of diameter 
D, with a density difference comparable to the density of the surrounding medium (    , e.g. 










  . (D.6) 
Thus, for density differences on the order of water, and surface gravitational strength, the 











.  (D.7) 
For example, 1 mm diameter particles are associated with stresses on the order of 10 Pa, easily 






D.2 Full Rheological Data 
D.2.1 Quiescent Gel Point 
Figures D.2 through D.6 show the small amplitude oscillatory shear (SAOS) measurements 
performed using the protocol detailed in the Experimental Section for all tested concentrations not 
shown in the main work. The “0 Pa” gel temperature for each concentration was determined from 
the crossover of G' and G'', except for 2.08%, the gel temperature of which was determined from 
the maximum slope of the moduli. Sub-dominant modulus data past the gel point was often 
difficult to resolve, particularly at higher concentrations; regions with non-physical moduli (i.e. 
negative values) are omitted for clarity. All error bars are from three repeat measurements; error 
bars not shown are smaller than the data points. 
 
Figure D.2. G' and G'' from SAOS measurements for MC 1.04% (oscillation frequency = 0.1 rad/s, stress 







Figure D.3. G' and G'' from SAOS measurements for MC 2.08% (oscillation frequency = 0.1 rad/s, stress 
amplitude = 0.1 Pa) while warming from 20 to 80°C at 1°C/min. Gel temperature was determined from the 
maximum slope of the moduli. 
 
 
Figure D.4. G' and G'' from SAOS measurements for MC 3.12% (oscillation frequency = 0.1 rad/s, stress 







Figure D.5. G' and G'' from SAOS measurements for MC 4.16% (oscillation frequency = 0.1 rad/s, stress 
amplitude = 0.1 Pa) while warming from 20 to 80°C at 1°C/min. 
 
 
Figure D.6. G' and G'' from SAOS measurements for MC 5.2% (oscillation frequency = 0.1 rad/s, stress 








D.2.2 Dynamic Gel Point 
Figures D.7 through D.10 show the dynamic gelation measurements performed using the 
protocol detailed in the Experimental Section for all tested concentrations not shown in the main 
work. The “0 Pa” gel temperature denotes the quiescent gel temperature. All error bars are from 
three repeat measurements; error bars not shown are smaller than the data points. 
 
Figure D.7. Growth of the steady shear viscosity for MC 2.08% while warming from 20 to 80 °C at 1 °C/min 
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Figure D.8. Growth of the steady shear viscosity for MC 3.12% while warming from 20 to 80 °C at 1 °C/min 




) are marked with down-
pointing arrows labeled with the applied shear stress. 
 
 
Figure D.9. Growth of the steady shear viscosity for MC 4.16% while warming from 20 to 80 °C at 1 °C/min 
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Figure D.10. Growth of the steady shear viscosity for MC 5.2% while warming from 20 to 80 °C at 1 °C/min 




) are marked with down-
pointing arrows labeled with the applied shear stress. 
 
D.2.3 Hot Gel Properties 
Figures D.11 through D.14 show the hot gel storage modulus (G') obtained using the 
protocol detailed in the Experimental Section for all tested concentrations not shown in the main 
work. G'' is omitted for clarity. In the linear viscoelastic region, G''/ G' is always less than 0.1. The 
“0 Pa” moduli are from the “true quiescent” tests. All error bars are from three repeat 
measurements; error bars not shown are smaller than the data points. Data sets are truncated at first 






Figure D.11. LAOS measurements (3 rad/s, 80 °C) for MC 1.04% warmed from 20 to 80 °C at 1 °C/min while 
being subjected to a constant shear stress. Each stress amplitude sweep is truncated at the apparent failure stress. 
G'
LVE
 is obtained from a fit to the plateau at low oscillation stress. 
 
 
Figure D.12. LAOS measurements (3 rad/s, 80 °C) for MC 3.12% warmed from 20 to 80 °C at 1 °C/min while 
being subjected to a constant shear stress. Each stress amplitude sweep is truncated at the apparent failure stress. 
G'
LVE









Figure D.13. LAOS measurements (3 rad/s, 80 °C) for MC 4.16% warmed from 20 to 80 °C at 1 °C/min while 
being subjected to a constant shear stress. Each stress amplitude sweep is truncated at the apparent failure stress. 
G'
LVE









Figure D.14. LAOS measurements (3 rad/s, 80 °C) for MC 5.2% warmed from 20 to  
80 °C at 1 °C/min while being subjected to a constant shear stress. Each stress amplitude sweep is truncated at the 
apparent failure stress. G'
LVE
 is obtained from a fit to the plateau at low oscillation stress. 
 
 
 
